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ABSTRACT 

In order to investigate metabolic correlates to the characteristic 
pattern of tension decline seen with rhythmically working muscle, the 
surgically isolated, electrically stimulated dog gastrocnemius AACE 
group was used as an experimental model. Twenty-nine dogs served as 
experimental animals. The muscle group was surgically isolated and 
stimulated maximally using trains of impulses (5 ms D.C. square waves, 
22 Hz, maintained for 0.7 s, 28 times per minute) delivered to the 
muscle belly. Estimates of arteriovenous differences of free fatty 
acids, glucose, lactate and plasma water were obtained at selected in- 
tervals along the tension-time curve. In addition, muscle concentrates 
of glycogen, ATP, CP, lactate, pyruvate, 6-hydroxybutyrate and aceto- 
acetate, were measured in freeze-clamped muscle samples taken when the 
muscle had attained a specified percentage of original tension. 

The highest correlation between any single arteriovenous parameter 
and tension-time parameter was that between lactate A-V difference and 
time from beginning of stimulation (r=.63, p<.001). Lactate A-V dif- 
ference was significantly correlated (p<.01) with all tension-time 
parameters, which was not the case with any other single A-V parameter. 
The highest correlation when relating muscle metabolite concentrations 
to tension-time parameters was between muscle lactate concentration and 
the rate of tension decline at sample time (r=.80, p<.001). Quantitative 
glycogen estimates revealed a gradual decline during the contraction 
period, while fibre glycogen utilization patterns illustrated a high 
rate of depletion in fast-twitch relative to slow-twitch fibres. 

Estimates of mitochondrial [NAD* 1/£NADH] ratios suggested well- 


oxygenated mitochondria throughout the contraction period, while 
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cytoplasmic [NAD’ 1/ [NADH] was Significantly (p<.05) decreased at the 
period of most rapid tension decline (80%). 

The relationships between lactate parameters and tension-time in- 
dices suggest that lactate presence in muscie tissue may exert an in- 
fluence on the ability of muscle to maintain tension during continuous 
contractions. The dynamics of mitochondrial and cytoplasmic [NAD’ 1/[NADH] 
ratios suggest that a major portion of the iactate produced was not due 
to muscle hypoxia, but to "aerobic glycolysis". It is postulated that 
the initial rapid decline in tension during maximal contractions is 
related to lactate influence on the contractile machinery, and that the 
final attainment of steady state tension is related to glycogen 


depletion. 
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INTRODUCTION 

The investigation of the factors limiting human physical perfor- 
mance, and the adaptability of the human organism in attempting to off- 
set these factors, has been the scope of a vast amount of research in 
this century. In particular, the study of the physical and biochemical 
occurrences in skeletal muscle in response to contractile activity con- 
stitutes a major area of endeavour aimed at determining the role of the 
muscle in imposing limitations to the total human organism during exer- 
cise. This area has, in itself, been the focus of several comprehensive 
texts and symposia (Simonson, 1971; Keul et al., 1972; Keul, 1973; Howald 
and Poortmans, 1975). The resulting proliferation of knowledge has served 
to emphasize the complexity of the response of muscle tissue to contrac- 
tion, especially in light of the various forms, intensities and durations 
of contractions possible during exercise. This line of research has 
also posed the suggestion that the major limiting components to exercise 
of certain intensities and durations may reside in the muscle tissue 
itself, as opposed to limitations in the capabilities of the cardio- 
vascular, respiratory, and other support systems. This latter possibility 
is especially lucrative in light of the research evidence generated 
within the last decade which illustrates the metabolic adaptability of 
muscle tissue to various kinds of chronic activity (Keul, 1972; Holloszy, 
1975, Howald and Poortmans, 1975). It is an acknowledged fact that human 
voluntary exercise involves the interaction of working muscle tissue with 
the cardiovascular, respiratory and temperature regulating systems. How- 
ever, the examination of the response of muscle to continued contraction 
seems fundamental to an understanding of its role in the chain of events 
leading to fatigue, especially in types of exercise where the primary 
limiting factor may reside in muscle tissue itself. 
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Improvements in techniques for the sampling and assay of muscle 
tissue within the last decade have resulted in the proposal of several 
hypotheses relative to muscle metabolic factors limiting continuous 
contractions. Factors such as depletion of high-energy phosphates 
(Hultman et al., 1967; Gubjarnason et al., 1970; Karlsson et al., 
1971; Spande and Schottelius, 1971), depletion of fibre glycogen con- 
tent (Gollnick et al., 1973; Armstrong et al., 1974; Gollnick et al., 
1974), the accumulation of lactate and the concomitant decrease in 
muscle pH (Karlsson et_al., 1971; Hermansen et_al., 1972; Hirche et al, 
Mo sehulten “ettalnny 9/S5tesahlin etital yyelh975)q alternations in muscle 
temperature (Brooks et al., .1971; Edwards et al., 1972; Saltin et al., 
L9id;mochafen, 1973) orselectrolyte balance (Bergstrompet alis; 1971; 
Hudlicka, 1973), and changes in the structural integrity of muscle en- 
zymes (Hultman and Bergstrom, 1973; Sahlin et al., 1975) and mitochon- 
driaa(Colinickserral. L971 seSchater, ©1973; (Gale 1974 "Gonzalez= 
Serratos et al., 1974) have all been put forth as possible muscle 
fatigue mechanisms during exercise. 

Simonson (1971) has categorized these possible mechanisms into 
four fundamental processes: the accumulation of waste substances; the 
depletion of substances necessary for activity; changes in the physic- 
ochemical state of the substrate; and disturbance of regulation and 
coordination. It is now recognized that the primary factor in muscle 
which is limiting to continued performance may be specific to the in- 
tensity, duration, and the type of exercise considered. In addition, 


in view of the heterogeneity of fibre types that can exist in any 
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muscle (Peter et al., 1972), the limiting components may well be 
localized to a specific population of muscle fibres being recruited 
during that activity (Armstrong et al., 1975). 

The investigation of the muscle metabolic factors which limit con- 
tinuous exercise is plagued with technical and theoretical difficulties, 
especially when utilizing an exercising human or animal as the exper- 
imental model. Measurements under these conditions are, of necessity, 
taken at "volitional fatigue", and the point of cessation of exercise, 
as well as the level of blood and muscle metabolites, are dictated to 
some extent by the psychological sensations which have preceded the 
cessation. Although research in this area must eventually attempt to 
explain the physiological changes during exercise which produce the 


"volitional" aspect of 


psychological desire to stop exercising, the 
fatiguing exercise may be considered a confounding variable when exam- 
ining the physiological changes alone. In addition, the use of volun- 
tarily exercising animals or humans makes the extrication of muscle 
tissue samples of sufficient size or with sufficient speed too difficult 
to warrant adequate conclusions relative to the metabolic state of the 
muscle at fatigue, This is especially significant in the case of the 
more viable metabolites, such as ATP and CP (Lowry and Passonneau, 
NEW PEN S 

The investigation of metabolic occurrences in isolated mammalian 
muscle preparations, electrically stimulated to elicit rhythmic con- 
tractions, has furthered our understanding of muscle energy flux during 
increased contractile activity (Stainsby and Otis, 1964; Kugelberg and 
Edstrom, 1968; DiPrampero et al., 1969; Edgerton et al., 1970; Burke 


eteale., 197i) Baldwin and Tipton, 1972: Edington et al, 1973; Hirche 
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et al., 1975). However, no systematic approach has been used to at- 
tempt to relate crucial arteriovenous and muscle metabolic changes with 
simultaneous measurements of the tension decline of a rhythmically con- 
tracting muscle. 
Purpose of the Study 

The purpose of the investigation was to determine the metabolic 
basis for the reversible tension decline of an in situ muscle prepar- 
ation during elicited rhythmic contractions. More specifically, es- 
timates of the blood and muscle concentrations of specific metabolites, 
as well as muscle fibre recruitment patterns, were monitored during the 


working period, and related to tension decrement patterns. 
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METHODS AND PROCEDURES 

Experimental Animals 

Twenty-nine healthy mongrel dogs were acquired as unclaimed dogs 
through the municipal dog pounds, under the authority of provincial 
legislation. Before being used as an experimental animal, each dog had 
been quarantined for 2 weeks at the University of Alberta Animal Center. 
During this period each dog was vaccinated against canine distemper and 
hepatitis, bathed, deflead and wormed. Dogs were maintained on a diet 
of Burger Bits (Standard Brands, Montreal; Appendix B) and water was 
administered ad libitum. Each animal was fasted for 24 hours before 
the experimental procedure. 
Anesthesia 

All experimental animals were anesthetized with halothane 
(Fluothane, Ayerst, McKenna and Harrison Ltd., Montreal). Initial 
induction was achieved via a 5% mixture of halothane and air (5 litres 
per min) administered through a nose-cone to the restrained animal. 
Following induction, the dog was intubated, and anesthesia was main- 
tained with a 1.5 to 2.0 per cent mixture of halothane and air (1.5 to 
2.0 litres/min). 
Surgical Isolation of Gastrocnemius Muscle Group 

Following shaving of all surgical sites, an incision was made on 
the medial aspect of both hindlimbs from the stifle joint to the 
achilles tendon, approximately three centimeters proximal to the cal- 
caneus, and the skin retracted. The branches of the medial saphenous 
artery and vein imbedded in the superficial fascia were doubly ligated 
with cotton and severed between the ties. The remaining fascia and 
connective tissue were dissected away, exposing the superficial 


5) 


7 > 4 
Hine Wy ee | os 
egob boutte Lane es bottipss stew agob isxgrom ery onnht “3a sit + 


tatoatvorg %6 (2trottive: edi tobay <ebnuog g05 loqiotham 9#9-dguesd? 


bart gob dons ,Samtos {s4nombtsqx® ve 35 beev guisd pioies ssohsetangel 
tsa0) fombus sizadls Yo wiierevksU sdi 36 vlesw S x08 bont3anzaup aeod 


bra weqmetefh srinsd Jerksgs bojanioony aut gob Hoes hokieq eis got 
33ib 6 no berifetntes a74w eg6d .homsow bra bsolish . bodtnd otiteqed - 
adw ere bos (8 xkbasqqh ; [serinok -gbas%a brebaad?) eabt asquu Yo ; 7 
gax0ted stuod AS x02 Seven? caw Iamras dost .mustdtl bs bo refekatmbe : 
-swbssotg Isatemktsqxs 949 
tesdjaoms a 
snadsoind diiw bosiiaitecas sisv elemias Intnomtiegue fare 


fektind .(fastiqoY ,.3T noetrzsi dna sansioM _deisyA ,snadtout®) 


geasit 2) the bas wosiiiolnd i0 yrutxim $@ 6 stv bovaldos esw sottoubak i 

femtas benietteny sid 035 onda-se0n 6 dguoviz bersjeietinbs (ata wq | ae 

=ctem enw ekesdsaons aia botndwink asw gob sd? ,noksoubak guiwollot a 

o3 es 1) ate bas sradseltsi to ov xio Jns> req 0.8 of C. 1 6 datw bentes | ae 
(nte\esxdtt 0,8 

quoz) slaepM eulmaoc07%e80 Yo agtseloel isakgaue a - 

no sham aew oofeiont ne .253te Inotgive Ls to golveda, actwol let in ih | 


/ fd 03 thot sitize adz mori adatibatd died to dosges tntbom 983 =! ns 
~Le» ot oF Lomtxoxg exotomt anss sexi3 ct dena /nobasa esitidos | 


auoawdqae Intbem sii to estiorinsd ait. <bevoerted iibote. sien vswena 
a eisai stow blown? Setottasque ady, nk clean nésu a 


musculature. 

The gracilis, medial sartorius, semitendinosus, and the two bellies 
of the semimembranosis muscles were bluntly dissected away from sur- 
rounding fat and connective tissue, doubly ligated near the insertions 
on the tibia, and severed between cotton ties. 

The venous drainage from the gastrocnemius-flexor digitorum super- 
ficialis muscle group was isolated by sequentially ligating all venous 
connections with the popliteal vein which were not draining the muscle 
group specifically. The arterial supply to this area was left intact. 
X-rays of similarly isolated gastrocnemius muscles infused with 302 
Hypaque (Winthrop Laboratories, Montreal) attested to the success of 
this procedure in effectively isolated muscle venous drainage 
(Appendix C, Plate I). 

The branch of the sciatic nerve innervating the gastrocnemius- 
flexor group was freed of fat, doubly ligated approximately 3 cm from 
the caudal border of the gastrocnemius muscle with cotton, and severed 
between the ties. The muscle groups of both legs were freed as much as 
possible from surrounding connect ive tissue (Appendix C, Plate IIA). 

Throughout the surgical procedures bleeding was controlled using 
an electrical fulguration unit (Birtcher Electro-surgical Unit, Model 
UE BY ks 

Following the initial surgical procedures on both hind legs, the 
wounds were packed with saline-soaked gauze, and closed with towel 
clamps. 

Preparation of Left Muscle Group for Stimulation 
An incision approximately 8 cm in length was made along the 


achilles tendon, from a point 4 cm proximal to the calcaneus, distally 
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over the calcaneus and along the continuation of the tendon of the 
flexor digitorum superficialis toward the hindpaw. The calcaneus and 
achilles tendon were freed from underlying fat and connective tissue 

by blunt dissection. The calcaneus was hand drilled with a 1/8 inch 
bit, perpendicular to the plane of the achilles tendon, and the drill 
bit was left in place. The calcaneus was then severed from the hindpaw 
with a bonesaw, thereby disconnecting the gastrocnemius-achilles- 
calcaneus system from the hindpaw. 

The femur directly above the origin of the gastrocnemius-flexor 
muscle group was drilled transversely with a 1/4 inch drill bit (10.5 
inches in length) and the drill bit left in place. 

A specially designed clamp (Appendix C, Plate IIIA) to which was 
attached a 1/8 inch steel cable, was used to clasp the ends of the drill 
in the calcaneus. A hook at the end of the cable was attached to a 
myograph-linear displacement transducer complex (Appendix C, Plate IIIA). 
The femur drill was clamped on both sides of the femur using clamps 
screwed onto the ends of 1/2 inch steel rods. These rods were in turn 
clamped to 2 upright 1/2 inch steel rods bolted firmly to a platform 
of 3/4 inch spruce plywood. A turnbuckle strut was placed between one 
of the upright rods and the myograph post in an attempt to minimize 
flexing of the units during high-tension contractions (Appendix C, 
Plate IIIB). 

During the process of fixing the femur, an attempt was made to 
mimic as closely as possible the natural angle of the knee and hip 
joint, in order to ensure adequate femoral arterial and venous blood 
dynamics. Once the femur was fixed, the steel cable attached to the 


calcaneus was hooked to the myograph-linear displacement transducer 
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system and the muscle loaded with a tension of 1 kilogram. All clamps 
were then tightened with pliers (Appendix C, Plate IVA). 

The myograph-linear displacement transducer system was calibrated 
periodically by hanging a preweighed bucket, containing water of known 
volume and temperature, from the myograph bar using a pulley and cable. 
The response of this system was linear Gs 2h) “ap toa’ Eorce’of 20 ‘kg. 

During extensive pilot experiments, attempts were made to deter- 
mine to what degree shifting of components in the tension monitoring 
system was contributing to the apparent decline in tension development 
of the muscle group during continuous contractions. Recovery exper- 
iments indicated that, following a 30 minute recovery period, resumption 
of stimulation elicited muscle tensions which reproduced in magnitude 
those which had occurred during the first minute of the initial con- 
traction period, even when the previous contraction period had decreased 
the initial tension development to 50 per cent. In addition, in no 
experiment was there evidence of a decrease in the baseline tension, 
which one would expect to occur if shifting of components in the system 
were to take place. On the basis of these results it was concluded 
that any change in the tension recording was due solely to alterations 
in the ability of the muscle group itself to maintain the initial 
tension development during continuous contractions. 

Measurement of Muscle Blood Flow 

Measurement of the flow of venous blood draining the gastrocnemius- 
flexor muscle group was performed via an electromagnetic square-wave 
flowmeter (Model SWF-1M, Zepeda Instruments, Seattle, Washington) with 
a 3 mm flow-through probe. The left cephalic vein was isolated and 


catheterized with polyethylene tubing (I1.D. 2.5 mm) filled with saline 
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and stoppered with a three-way stopcock, which was subsequently used as 
a venous sampling port. The stopcock was then attached to the outflow 
side of the flow probe with polyethylene tubing (1.D. 4.0 mm) and the 
stopcock was closed. 

The exposed femoral vein was occluded and catheterized with 
polyethylene tubing (1.D. 2.5 mm) such that the mouth of the catheter 
was situated approximately at the junction of the popliteal and femoral 
veins. The femoral vein was tied proximal to the entry of the catheter, 
and the catheter secured with a cotton ligature (Appendix C, Plate IB). 
The opposite end of the catheter was immediately attached to the inflow 
side of the flow probe and the occlusion to the vein released, allowing 
the venous blood from the muscle to flow through the catheter, through 
the flow probe, and return to the animal via the cephalic vein. The 
time of occlusion of venous flow was 30 to 40 seconds. The drop in 
vertical distance from the catheterized femoral vein to the flow probe 
was approximately 12 to 15 cm, and the probe was horizontally level 
with the entrance of the outflow catheter into the cephalic vein 
(Appendix C, Plate IIB). 

Blood was rendered incoagulable with an initial dose of heparin 
(Sigma Chemical Co., St. Louis, Mo.) of 500 units/kg, with additional 
doses of 200 units/kg every hour. 

The flow meter was calibrated during each experiment by timed 
collections of blood into a graduated cylinder through the venous sam- 
pling port. The meter was zeroed by blood flow occlusion using the 
stopcock. Preliminary calibration of the flow meter before the experi- 
mental series illustrated the meter to yield a linear response up to 


flow rates approximately 200 ml/min. Although there appeared to be some 
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electrical interference with the flow signal when relatively high 
stimulation voltages were used for muscle stimulation, the interference 
was minor, and appeared to fluctuate around the true signal. 
Measurement of Muscle Compartment Temperature 

Muscle compartment temperature was monitored using a copper- 
constantan thermocouple imbedded in a 19 gauge needle grounded to the 
recorder. The coupler contained an internal reference junction. The 
thermocouple was calibrated with water of known temperatures. 

In the initial pilot experiments, the needle thermocouple was im- 
bedded in the muscle belly to obtain a record of internal muscle tem- 
perature. However, in view of the bleeding that occurred from the 
resulting muscle wound during the longer contraction periods, it was 
felt that damage to the muscle tissue might affect muscle performance. 
For this reason, during the experimental series, the thermocouple probe 
was placed in the cavity which resulted from the blunt dissection of 
the muscle group from the small muscles lying along the tibia. As a 
result, a measure of the temperature of the compartment itself, as 
opposed to actual internal muscle temperature, was obtained. 

An infrared lamp focussed on the covered limb was used to bring 
the muscle compartment temperature to rectal temperature during the 
prestimulation period. 

Measurement of Rectal Temperature 

Rectal temperature was monitored via a mercury thermometer in- 
serted in the dog's rectum to a depth of 14 cm. Core temperature was 
maintained at 37 to 39°C using an adjustable heating pad secured to the 


dog's chest and upper abdomen. 
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Measurement of Arterial Blood Pressure 

Arterial blood pressure was monitored continually by means of a 
Statham pressure gauge (Statham, Hato Ray, Puerto Rico). The pressure 
measured was that of the carotid artery, which was isolated and 
catheterized with polyethylene tubing (I.D. 2.5 mm) filled with saline 
and attached to the transducer. 

Throughout the experiment, an attempt was made to maintain initial 
blood pressure levels using an intravenous drip of Ringers solution 
into the right cephalic vein, at a rate of 4 to 6 ml/min. 

The pressure transducer was calibrated regularly using a manometer 
(Thistle, Model C80216). 

Recording of Parameters 

A schematic representation of the experimental model is presented 
in Figure l. 

The parameters of muscle tension development, muscle venous blood 
flow, muscle compartment temperature, and carotid arterial blood pres- 
sure were recorded continually on a 4-channel Beckman Type R Dynograph 
_ (Beckman Instruments Inc., Offner Division, Schiller Park, I11.) 
(Figure 2). 

Prestimulation Period 

After the preparatory procedures, the muscle group was allowed 
to rest for at least 30 minutes, and until muscle blood flow had 
stabilized and muscle compartment temperature was equal to rectal tem- 
perature. During this period the muscle group was covered with saline 
soaked gauze and a slow continuous drip of isotonic saline was applied 
to the gauze to keep the compartment moist. Excess saline was drained 


from the muscle compartment by means of a 12 gauge needle inserted 
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through the skin on the lateral aspect of the compartment (Appendix C, 
Plate IIIB). 

In addition, a supplement of 95% 0,/5% co, to the anesthetic mixture 
was initiated during this period. The oxygen was administered via a 
polyethylene tube (I.D. 2.5 mm) which was attached to the endotracheal 
tube along its length, at a rate of 500 to 1000 ml/min. Pilot studies 
indicated that this oxygen supplement, administered at a rate which was 
proportional to the weight of the dog, could be controlled to elicit 
arterial po, values of 80 to 110 mmHg. 
Experimental Design 

During the calibration and prestimulation period, each dog was 
randomly assigned to one of four conditions, depending on the level of 
tension decline to which the muscle group was to be subjected. In the 
"80%" group, the muscle group was stimulated continuously until the 
tension development during contractions had decreased to 80% of the 
tension occurring upon initiation of contractions. Two other groups 
were similarly designated as "652%" and "50Z" groups. A fourth group 
was designated as a "level-off" condition (50ZL), in which the muscle 
was stimulated to contract continuously until the change in tension was 
less than 5% over a 30 minute period. This levelling off was witnessed 
to occur at approximately 50% in pilot experiments; therefore, the 
difference between the 50% group and the 50ZL group was the time during 
which the muscle group worked at this level. It was hoped that the 
incorporation of both a "50%" and "level-off" group would aid in dis- 
tinguishing between tension- and time-associated metabolic changes. 


Muscle Group Stimulation 


The muscle group was stimulated to contract using an Electronic 
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Stimulator (Model 751, American Electronic Labs, Inc., Philadelphia, 
Penn.), modified to yield trains of impulses. The stimulating electrode 
consisted of a pair of 1 mm stainless steel wires which were inserted 
through the mid-portion of the muscle belly approximately 2 cm apart. 
Pilot experiments which were conducted using electrical stimulation 

to the distal nerve stump versus direct stimulation to the muscle belly 
presented doubt as to the maintenance of viability of the nerve during 
the longer stimulation periods; therefore, direct muscle stimulation 
was employed throughout the experimental series. 

The delivery of impulses to the muscle was in the form of trains, 
lasting for 0.7 seconds, each of which was composed of 5 msec duration 
impulses delivered at a rate of 22 per second. One contraction occurred 
every 2.2 seconds; therefore, the muscle contracted 28 times per minute 
tetanically. Muscle shortening during high tension contractions was no 
larger than 5 mn. 

This pattern of muscle stimulation was chosen for a number of 
reasons. It has been speculated that a high proportion of in vivo 
muscle contractions are most likely tetanic, as opposed to twitch, in 
nature (Stainsby and Barclay, 1972; Barclay et al., 1974). In addition, 
pilot studies indicated that this contraction pattern resulted in 
muscle metabolic levels which were primarily aerobic, as evidenced by 
the relatively low venous lactate values and oxygen uptake levels below 
reported maximum values (Welch and Stainsby, 1967; Hirche et al., 1975). 
Finally, this contraction pattern resulted in tension decrease curves 
which allowed sufficient time for blood and tissue sampling during the 
initial period of rapid tension decline, while at the same time keeping 
the total time of the longer experiments to approximately 90 to 120 


minutes. 
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Blood Sampling Techniques 


Figure 3 illustrates the protocol for the collection of muscle and 
blood samples during each of the 4 experimental conditions. 

During the prestimulation period and at the designated intervals 
during the contraction period, 5 ml samples of femoral venous blood 
were collected into 5 or 10 ml glass syringes lubricated with paraffin 
oil via the stopcock in the venous circuit. Each sample was collected 
at a rate which approximated that indicated by the preceding uninter- 
rupted blood flow recording. The syringe was capped and immediately 
transported to the adjacent lab for processing. Arterial blood samples 
were taken through a small polyethylene catheter (I.D. 1.0 mm) inserted 
in the right cranial femoral artery. The sampling end of the catheter 
was fitted with a 3-way stopcock. Arterial samples (5 ml) were drawn 
at the same times as venous samples. 

Tissue Sampling Techniques 

At the end of each experiment, tissue samples were taken from the 
experimental left muscle and from the contralateral right muscle for 
the quantitative measurement of muscle metabolites and the qualitative 
assessment of muscle fibre composition and recruitment. Since the 
tissue concentrations of the muscle metabolites measured (ATP, CP, 
lactate, pyruvate, acetoacetate, $-hydroxybutyrate) can change dras- 
tically upon cessation of exercise (Ahlborg et al., 1972; Lowry and 
Passonneau, 1972), it was deemed necessary to stop all metabolic 
processes as soon after contraction as possible. For this purpose, a 
pair of tongs was designed which, when cooled to liquid N, temperature, 
would cool a 1.0 to 1.5 gram clamped piece of tissue to -50°C within 


1.5 seconds. At the time of sampling, the precooled tongs were used 
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to clamp a portion of the medial head of the left gastrocnemius muscle. 
Once clamped, the tissue within the tongs was dissected free from the 
rest of the muscle with a scalpel. The tongs, with the sample, were 
plunged immediately into liquid N, for 10 to 15 seconds, after which 
time the sample was transferred to a polyethylene vial which had been 
precooled in dry ice. The vial was capped and set in a covered Dewar 
flask containing dry ice until being transferred to a low temperature 
cabinet maintained at -60°C. Pilot studies using a thermocouple im- 
bedded in the muscle to be sampled illustrated that the time period 
between the cessation of a contraction and cooling of the clamped tissue 
sample to -50°C was approximately 1.5 to 2.0 seconds. A freeze-clamped 
tissue sample was taken from the contralateral right muscle immediately 
following left muscle sampling. 

After collecting the freeze-clamped samples, the remaining portion 
of the entire muscle group from each leg was excised and placed in 
saline. The medial and lateral heads of the gastrocnemius, and the 
flexor digitorum superficialis muscle, were separated, trimmed of fat, 
blood vessels and tendon, and weighed. A portion from the mid-belly 
from each head of the muscle group was removed, cooled for 15 seconds 
in isopentane cooled to its freezing point in liquid Ny, placed in 
test tubes precooled in dry ice, and stoppered. The test tubes were 
stored in a covered Dewar flask containing dry ice until transfer to 
a low temperature cabinet maintained at -60°C. 

Blood Analytical Techniques 

Paired arterial and venous blood samples were analyzed for P0,5 

pco,; and pH (Radiometer blood gas apparatus - pH meter 27, Radiometer 


Co., Copenhagen), hemoglobin (cyanomethemoglobin technique, Davidsohn 
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and Henry, 1969) and hematocrit (microhematocrit technique) immediately 
following transport of samples to the lab. A portion of whole blood 
(1 ml) was deproteinized in 8% cold perchloric acid for analysis of 
blood lactate (Sigma Chemical Company, 1968). The remaining portion of 
each blood sample was centrifuged, and the plasma frozen. Subsequent 
analyses for plasma glucose (Sigma Chemical Company, 1973) and plasma 
free fatty acids (Pinelli, 1973) were performed on the thawed plasma. 
Tissue Analytical Techniques 

The freeze-clamped tissue plugs were trimmed of tissue which had 
not been clamped, were weighed, and transported in liquid nitrogen to 
a cold room maintained at 4°C. The plugs were ground to powder using 
a porcelain mortar and pestle at liquid nitrogen temperature, and 
perchloric acid extracts of the samples were made according to Lowry 
and Passonneau (1972). The extract from each tissue sample was stored 
in 6 to 8, 3 ml polyethylene snap-top tubes at -60°C until analysis. 

Analysis of tissue ATP, CP, lactate and pyruvate were performed on 
separate samples of extract according to Lowry and Passonneau (1972). 
The extracts were also analyzed for acetoacetate and A-hydroxybutyrate 
concentration using the methods modified from Edington, Ward, Saville 
(1973). The latter techniques were modified for larger volumes, and 
f-hydroxybutyrate was analyzed using Tris buffer at pH 8.5. Measure- 
ments of reactions were performed at 340 nm using a Pye Unicam SP 1800 
spectrophotometer (Pye Unicam Ltd., Cambridge, England). 

Muscle glycogen analysis was performed on 35 to 50 mg samples of 
muscle taken from the isopentane-cooled samples, employing the method 
of Lo, Russell and Taylor (1970). 


The isopentane-cooled frozen tissue samples were transported to 
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an Ames Lab-Tek microtome-cryostat (Ames Lab-Tek, Inc., Westmont, I11.) 
where they were allowed to warm to cryostat temperature (-20°C). Serial 
sections 10 and 16 microns in thickness were cut and mounted on 25 x 75 
mm microscope slides and allowed to dry overnight. Sections were in- 
cubated for the demonstration of myosin ATPase (10 micron section) and 
NADH diaphorase (10 micron section) activities according to Dubowitz 
and Brooke (1973). The periodic acid-Schiff (PAS) technique to illus- 
trate glycogen content was performed according to Dubowitz and Brooke 
(1973) on the 16 micron sections. Fibres were classified according to 
speed of contraction, from the myosin ATPase stain, and oxidative cap- 
acity, from the NADH diaphorase stain, using the criteria suggested by 
Petereet galancl 97 2)». 

Calculations 

To determine muscle oxygen uptake, arterial and venous po, values 
were first converted to % hemoglobin saturation using the nomogram of 
Astrup et al. (1965). Oxygen content of arterial and venous blood was 
then determined from the arterial hemoglobin values, and oxygen uptake 
determined using the Fick principle (Rushmer, 1970). The Astrup et al. 
nomogram and formulae used for oxygen uptake determination are presented 
in Appendix D. 

To determine respiratory quotient (R.Q.) total co. content of ar- 
terial and venous blood was determined from pco, and blood pH values 
using the Siggaard-Andersen Alignment Nomogram (Siggaard-Andersen, 1963). 
Respiratory quotient was then calculated using the formula as outlined 
by Consolazio, Johnson and Pecora (1963). The Siggaard-Andersen 


Alignment Nomogram and the formula for R.Q. determination are included 


in Appendix D. 
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The determination of arteriovenous differences of all blood 
metabolites was performed using the correction for plasma water loss 
suggested by Schlein et al. (1973). The formula used is included in 
Appendix D. 

Cytoplasmic and mitochondrial [NAD’]/ [NADH] ratios were determined 
using the formulae suggested by Williamson et al. (1969) and presented 
in Appendix D. 

All muscle concentration and arteriovenous differences were ex- 
pressed per unit of wet tissue weight. 

Statistical Analysis 

The significance of differences between pre- and post-stimulation 
control parameter means was estimated using t-test for correlated sam- 
ples. T-tests for independent samples were used to test for differences 
between arteriovenous measurements, and between control and stimulated 
muscle metabolite concentrations. Single-factor analysis of variance 
was used eo test for significant differences among control muscle and 
stimulated muscle means across groups. 

Separate correlation matrices were constructed for arteriovenous 
and tissue metabolite parameters in an attempt to determine the degree 
of relationship between these variables and muscle tension parameters. 


All calculations were performed by an IBM 360/67 computer. Programmes 


for statistical analyses were taken from DERS computer programme library 
(Department of Educational Research Services, University of Alberta). 
Post Hoc Data Considerations 

During some of the experiments randomly assigned to the 50%L condi- 
tion, it was found that level-off tension occurred at relative tensions 


significantly higher than 50%. These experiments were subsequently 
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combined as a 654L group, since the mean level-off tension approxi- 
mated 65%. Comparisons of arteriovenous and muscle metabolite para- 
meters were made between the 65ZL and 50%L groups in an attempt to 
determine possible metabolic correlates to this difference in level- 


off tension. 
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RESULTS 

A general description (age, weight, sex, breed, and assigned ex- 
perimental condition) of each dog employed during the experimental 
series is contained in Appendix E, Table XVI. 

The tension development-time relationship of the stimulated gas- 
trocnemius-flexor muscle group is illustrated in Figure 4. The muscle 
group elicited an initial high rate of tension decrement, followed by 
a slower tension decline until an apparent "steady state" of muscle 
tension development occurred. 

The data in Table I are a summary of the mean tension levels and 
times at which muscle samples were taken for each experimental group. 
During the experimental series, it was noted that, in some preparations 
randomly assigned to the 50Z%L condition, the elicited tension during 
continuous contractions levelled off at a tension development level 
which was higher than 50%. These experiments were subsequently grouped 
together as a "65ZL"" group as opposed to the "50%L" group, since the 
mean level-off tension closely approximated 65% (Table I). 

T-tests for correlated samples were conducted on selected control 
parameters measured at the beginning and end of the level-off experiments. 
A summary of these data is contained in Appendix E, Table XVII. Sig- 
nificant changes with time were noted in arterial pco,, arterial blood 
pH, diastolic and systolic blood pressures, arterial lactate and free 
fatty acids, and arterial hematocrit. However, subsequent analyses 
performed relating these changes to tension parameters suggested lack 


of any significant relationships (Tables XX and XXI). 
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MUSCLE TENSION TIME FROM 


DEVELOPMENT AT END BEGINNING TO 

OF STIMULATION END OF STIMULATION 
GROUP (% OF ORIGINAL) (MINUTES) 
80% (N=5) 79.0 + 0.8 3.2 + 0.4 
65% (N=5) 62.9 + 1.2 9.1 + 2.6 
50% (N=6) 48.9 + 1.5 45.7 + 13.4 
50%L (N=7) 49.9 + 1.7 86.7 + 7.8 
65%L (N=6) 66.3 + 2.0 82.4 + 4.6 

TABLE I MUSCLE TENSION DEVELOPMENT 


AND TIMES OF TISSUE SAMPLIN 
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ARTERIOVENOUS DYNAMICS DURING CONTINUOUS CONTRACTIONS 

Arteriovenous dynamics at rest and at different tension levels 
during contraction are summarized in Tables II and III. 

As a result of initiation of continuous contractions, muscle blood 
flow increased approximately 3.5 times the level recorded during the 
prestimulation period (Table II). The highest mean blood flow occurred 
at the 70% measurement interval, although statistically there were no 
differences among the contraction means (p<.05). All blood flow means 
during the stimulation period were significantly higher (p<.01) than 
the corresponding resting means. 

Muscle oxygen uptake increased from rest to a maximum value at 
80% of original tension development, which was approximately 12 times 
the resting mean (Table II). From 80%, there tended to be a gradual 
decrease in oxygen uptake throughout the remainder of the contraction 
period, although statistically the means were not significantly dif- 
ferent (p>.05). All oxygen uptake means during the contraction period 
were significantly higher (p< .01) than the corresponding resting means. 

Oxygen arteriovenous differences measured during the contraction 
period were all significantly higher (p<.05) than the corresponding 
resting means (Table II). The trend of oxygen (A-V) data tended to 
mimic that for muscle oxygen uptake in that the highest value was 
recorded at the 80% level, after which a steady decline in (A-V) oxygen 
difference appeared to occur. 

In the venous blood draining the muscle group, initiation of con- 
tractions resulted in a decrease in po. and pH, which remained sig- 
nificantly lower (p<.01) than the corresponding resting means, at all 


tension development levels (Table II). The decrease in both of these 
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parameters was most pronounced at the 80% sampling interval, with sub- 
sequent venous po. and pH means gradually increasing towards the cor- 
responding resting means as contraction continued. 

Venous pCO, was significantly higher (p<.01) than rest at all 
sampling intervals during contraction (Table II). As with the pO»; pH, 
oxygen uptake and oxygen (A-V) difference, the highest deviation from 
the resting state was witnessed at 80% of original tension development. 

Analysis of the respiratory quotient (R.Q.) data demonstrated no 
differences between any of the contraction means and the corresponding 
resting means, although there was a tendency towards a decrease in R.Q., 
compared to rest, in the longer experiments (Table II). 

The muscle demonstrated a slight lactate output during the pre- 
stimulation period (Table III). Upon commencement of contractions, 
lactate output increased significantly (p¢.01) to a level which was 
approximately 14.5 times that measured during rest. Lactate output at 
subsequent sampling times illustrated a gradual decline towards resting 
levels. By the 50% sampling interval, lactate output had decreased to 
a level which was not significantly different from the resting mean 
(p72 05)" 

The muscle demonstrated a slight blood glucose uptake during the 
pre-stimulation period (Table III). A glucose uptake significantly 
higher than rest (p<.01) was witnessed at the 50% sampling interval. 
The glucose uptake levels measured at all other sampling intervals, 
except for 80%, illustrated a tendency towards levels which were higher 
than the corresponding resting means. At 80%, a glucose output, not 
significantly different (p>.05) from the resting mean, was recorded. 


Free fatty acid dynamics across the muscle failed to illustrate 
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any discernible trend when considered as a function of muscle tension 
development and showed a high degree of variation (Table III). 

The muscle took up slight amounts of plasma water during the pre- 
stimulation period (Table III). Upon initiation of contractions, the 
muscle began to accumulate relatively large amounts of plasma water, as 
witnessed by the significantly higher (p< .01) positive water (A-V) 
difference measured at 80%. This accumulation decreased to smaller, 
but significant (p¢.01) A-V differences at the 70% and 65% levels. By 
the 60% sampling interval, water (A-V) difference was not significantly 
different (p>.05) from the resting mean, and remained statistically 
unchanged from rest throughout the remainder of the contraction period. 
Correlations Between Arteriovenous and Tension-Time Parameters 

A summary of significant correlations (p<.01) is contained in 
Table IV. The entire correlation matrix is included in Appendix E. 

The highest correlation between any single arteriovenous parameter 
and tension parameter was between arteriovenous lactate and time (r=.63, 
p“.01)(Figure 5). Lactate arteriovenous difference was significantly 
correlated (p<.01) with all other tension parameters, although cor- 
relation coefficients were lower than the coefficient of lactate (A-V) 
difference with time. It was noted that the parameters of systolic 
blood pressure, diastolic blood pressure, and arterial po. were not 
significantly correlated with any tension parameters (p>.05). 
Correlations Among Arteriovenous Parameters 

Significant correlations (p¢<.01) among individual arteriovenous 
parameters are presented in Table V. The highest single correlation 
was between arterial hemoglobin concentration and arterial hematocrit 


(r=.97, p<.01). Arteriovenous 0, difference (mmHg) and arterial po, 
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NUMBER OF PROBABILITY 
PARAMETERS CORRELATED OBSERVATIONS ie THAT r=0 
LACTATE (A-V) DIFFERENCE 
(uM/g/min) VS: 
Time from beginning of stimulation (min) 5 .63 .00] 
Muscle tension development (kg) Vie -.41 .001 
Muscle tension development (% of original) 75 sce) O01 
Muscle tension development (g/g) 75 -.37 001 
Rate of tension decline (g/g/min) 75 Sr Sy) O01 
Rate of tension decline (%/min) 75 -.35 002 
Rate of tension decline (g/min) 75 -.35 002 
MUSCLE BLOOD FLOW 
(ml/g/min) VS: 
Rate of tension decline (g/min) 74 Ss) 002 
Rate of tension decline (%/min) 74 -.34 ~003 
Muscle tension development (kg) 74 os 004 
Rate of tension decline (g/g/min) 74 -.33 004 
VENOUS BLOOD pH VS: 
Rate of tension decline (%/min) 75 -.42 O01 
Rate of tension decline (g/min) 15 -.41 . O01 
Rate of tension decline (g/g/min) US -.39 001 
Muscle tension development (kg) 71S -.30 . 009 
VENOUS BLOOD pcos 
(mm Hg) VS: 
Muscle tension development (kg) 75 OL O01 
Muscle tension development (% of original) 75 46 . 001 
Time from beginning of stimulation (min) vb -.44 . O01 
Rate of tension decline (g/min) 75 .38 001 
Rate of tension decline (g/g/min) 15 0 s0@2 
Rate of tension decline (%/min) 75 aoe 004 
VENOUS BLOOD p04 
(mm Hg) VS: 
Time from beginning of stimulation (min) 15 BX) . OOL 
OXYGEN (A-V) DIFFERENCE 
(mm Hg) VS: 
Muscle tension development (kg) 1) .39 SOOm 
TABLE IV SUMMARY OF SIGNIFICANT (p < .01) 


CORRELATIONS BETWEEN ARTERIOVENOUS 


AND TENSION-TIME PARAMETERS 


Wie _ 
ae =) , aoe Pe 
ea _ ' | z= a 7 é. a F 
+ (keh ena ne 


10 agamur 
BUOTPAVATRAO 


ad a | 


100. f3 2F Cex Eun) notialugiae i antnalgsd: mort 9 rT. 
£00. [h,- a (24) insagolsysh aoteasa einan i 
iO, ve eS. (€fisateito ta ¥) THAR OL EVES. roreded hou my 
100, SE .= as (e\2) inomaglevsh moianad ois — 
roo. \c.> a (retin ye \a) ) enti fof aired 39, sinh 
son. 2£.> a4 (i im\ * ent ioeh no rerag la at BF 
coo. c£,- a frioy =) ork Losb norenot to 93m! ic 
7 : , a 7 . a 
NLT qooya s — 
% ZV’ (ata A 
Se i 
$00. ct.- ei (rim\g) saklosh nKeasd 26 a vd 
£00. oe = BY (aim\f) optics w6becst Io sae A 
400, AE .- af : (gil) dese leyveh poke 2297 Slogult 
= ay Crit u \h b=) ri st noteas4 ta 3H 7 
4 s00, ct. \ ¥\a) Brxtiosh 7 ie. | Soe 
:2¥ Aq doula 200Kav 
ee a 
190, {s,- et , (aim\i) sntiseh ac tenes to. o3R 
£00. {s,- 2 a (ntm\s) sotieeb notansg to. 3a 7 
£30. gt .- “at (aim\q\g) satioab noteaed To e398 
en0. OF ey a 


a nolens? #6. 


esas o Og cooja 2 ay 


7ev ‘at am) 


10e. 43, ec} (a4) tinsmqolevah obi daa aul, 

100. oda. 2% ¢lasrtatro to kX) imamqoalsyvseb ap baie at ai ~~ 
10, (  #aA.~ i) (ain} noitsiumite io gainniged mora a ott 
| roo, BE. Z (aim\a) ontloob nokamey aovag 
= S00.-" er. ey (a alga) sniinsh polenta: to 

00, GE é (Cretot\Ry, eaktosh nobenss } te 


7 BS. ey (arm): nobsetumeae 


cecum € a! 4) 
“oma GAD RADY 


: vs 1s a 


— 


BZ. 


NUMBER OF PROBABILITY 
PARAMETERS CORRELATED OBSERVATIONS c THAT r=0 
ARTERIAL HEMOGLOBIN CONCENTRATION 
(o7) eo 
Arterial blood hematocrit (g%) 74 mol 001 
OXYGEN (A-V) DIFFERENCE 
(mm Hg) VS: 
Arterial blood p09 (mm Hg) 74 Og 2008. 
Lactate (A-V) difference (uM/ g/min) 75 -.38 001 
Muscle oxygen uptake (4l/g/min) 74 me .001 
Venous blood pCO» (mm Hg) 73 Ses) .009 
VENOUS BLOOD pH VS: 
Venous blood pCO» (mm Hg) (pe -.54 062 
Muscle blood flow (ml1/g/min) 74 234 .003 
Lactate (A-V) difference (uM/g/min) yp Eh 006 
VENOUS BLOOD pCO, 
(mm Hg) VS: 
Diastolic blood pressure (mm Hg) Vhs) 45 OGL 
Lactate (A-V) difference (uM/g /min) TES -.43 .OO1 
Respiratory quotient 66 eH 2002 
VENOUS BLOOD p05 
(mm Hg) VS: 
Oxygen (A-V) difference (mm Hg) 75 -.52 00H 
Muscle blood flow (ml1/g/min) 74 .39 O01 
MUSCLE OXYGEN UPTAKE 
(ul/ g/min) VS: 
Muscle biood flow (ml/g/min) 74 .03 001 
Respiratory quotient (R.Q.)  . 66 =e .008 
SYSTOLIC BLOOD PRESSURE 
(mm Hg) VS: 
Muscle blood flow (ml/g/min) 74 ee 004 
Diastolic blood pressure (mm Hg) ips) =o .008 
TABLE Y SUMMARY OF SIGNIFICANT (p < .01) 


CORRELATIONS AMONG ARTERIOVENOUS 
PARAMETERS 
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(mmHg) also showed a high degree of relationship (r=.83, p<.01) 
(Figure 6). This latter relatively high relationship occurred in spite 
of a lower but significant (p<.01) relationship between muscle 0, up- 


take (ml/gm/min) and arteriovenous 0, difference (mmHg) (r=.37, p<.01). 


Z 
This suggests the ability of the muscle to autoregulate blood supply 

to metabolic demands within the ranges of arterial po, involved in the 
present study. 

MUSCLE TISSUE CONCENTRATIONS 

Muscle ATP and CP Concentration 

The ATP and CP concentrations are summarized in Table VI. Single- 
factor analyses of variance performed on right control leg ATP and CP 
concentrations illustrated no significant differences (p}>.05) among 
control muscle group means for either parameter. 

Individual t-tests performed on right control vs. left stimulated 
ATP concentrations for each group illustrated significant differences 
(p<.01) in the 80% and 65% groups, and in the 50% and 50%L groups 
(p< .05). However, analysis of variance performed on the left stimulated 
muscle means showed no significant differences (p>?.05). 

Muscle CP concentrations were significantly lower (p<.01) in the 
left stimulated muscles when compared to their right controls in all 
tension groups, and no differences were present among the left muscle 
group means (p>.05). 

Muscle Glycogen Concentration 

The muscle glycogen data is summarized in Table VII. 

Single factor analysis of variance indicated no significant dif- 
ferences among right control leg means (p>.05). Individual t-tests 


performed on right vs. left muscle glycogen concentrations for each group 
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ATP CP 
CONCENTRATION CONCENTRATION 
(uM/g) (uM/g) 
RIGHT LEFT RIGHT LEFT 
80% 4.01 + 0.38 Pada tO. 2OK* (ee itane ts) 3.90. 1 On Zo** 
65% S22, + 0522 2.347 +030" % S329 0292 3270 + 0). Z5** 
50% 4.38 + 0.33 35 21 O40 2.950 aed 6.15 + 0.43** 
50Z4L 3.63 + 0.43 2.3L + 0.42% 9.06 + 0.83 Deo Ose 
TABLE VI MUSCLE ATP AND CP CONCENTRATION IN 
RIGHT CONTROL AND LEFT STIMULATED 
MUSCLES@ 
a 


Values are x a SEM 


* Significant difference (p € .05) between left stimulated 
and right control muscle 


**k Significant difference (p ¢ .01) between left stimulated 
and right control muscle 
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TOTAL MUSCLE GLYCOGEN 


CONCENTRATION 
(g%) TOTAL GLYCOGEN 
LEFT/RIGHT UTILIZED 
GROUP RIGHT LEFT RATIO (g%) 
80% 0.22 + 0.05 0.15 + 0.04 0.71 + 0.05 0.07 + 0.02 
65% 0.16 + 0.04 0.09 + 0.02 0.62 + 0.09 0.07 + 0.02 
50% 0.12 + 0.03 0.06 + 0.01% 0.59 + 0.10 0.06 + 0.02 
50%L 0.16 + 0.04 0.06 + 0.02% 0.48 + 0.09 0.10 + 0.03 


TABLE VII MUSCLE GLYCOGEN CONCENTRATIONS, 
GLYCOGEN RATIOS (L/R) AND TOTAL 
GLYCOGEN UTILIZED IN RIGHT CONTROL 
AND LEFT STIMULATED GASTROCNEMIUS 
MUSCLES? 


2 Values are mee SEM 


* Significant difference (p < .05) between left stimulated 
and right control muscles 
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showed significantly lower glycogen values in the left muscles of the 
50% and 50%L groups (p .05). Analyses of variance performed on left 
muscle ghycogen, glycogen (L/R) ratios and on total glycogen utilized 
revealed that the level of glycogen utilization among tension groups 
was not significantly different (p .05). 

Muscle Lactate Concentration 

A summary of the muscle lactate concentration data is contained in 
Table VIII. 

Analysis of variance revealed no significant differences (p_ .05) 
among groups in right control muscle lactate concentration. Although 
there was a tendency for muscle lactate levels in the right control mus- 
cle to decrease with time, this trend was considered physiologically 
insignificant. This was supported by pilot studies which illustrated 
that muscle lactate levels in right versus left unstimulated muscle were 
similar, and within normal values reported elsewhere (Appendix B), 
Analysis using t-tests revealed significantly higher lactate concentra- 
tions than control values in the stimulated muscles of the 80% (p_ .01) 
and 65% (p_ .05) groups. No significant differences were evident between 
control and stimulated muscle lactate concentrations in the 50% or 50ZL 
groups. This result was substantiated by analysis of variance performed 
on the left muscle lactate means, in that significant differences (p_ .01) 
existed when comparing the 80% and 65% means with those of the 50% and 


50Z%ZL groups. 


Muscle Pyruvate Concentration 


The muscle pyruvate concentration data is summarized in Table VIII. 
Analysis of variance indicated that no significant differences 
(p .05) existed among either the right control or the left stimulated 


muscle concentration means. T-tests performed on individual group data 
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MUSCLE LACTATE MUSCLE PYRUVATE 
CONCENTRATION CONCENTRATION 
(uM/ g) (uM/ 2.) 
RIGHT LEFT RIGHT LEFT 
807 deo us 0.57 9.94 “Ie 1.41** OauG ME 0703 OF26 uy OLS 
6% AONE Ae O22 6.99 a 2.26% ORES a 0.02 0.16 + 020) 
DOL 0.81 +0523 Pea us 0.49%*x* Ova +0 02 Oe Bak 0.07 
50ZL 0.92 a OR tec it 0.30*** OFLGsd 0. O01 0.16 ou 0202 


TABLE VIII MUSCLE LACTATE AND PYRUVATE 
CONCENTRATION IN RIGHT CONTROL 
AND LEFT STIMULATED GASTROC-— 
NEMIUS MUSCLES 


Values are X + SEM 


Significant difference (p<¢.05) between left stimulated and right 
control muscles 


Significant difference (p<.01) between left stimulated and right 
control muscles 


Significant difference (p< .01) when compared to 80% and 65% left 
muscle mean 


CYTOPLASMIC MITOCHONDRIAL 

[NAD+] / [NADH] [NAD+] / [NADH] 

RATIO RATIO 
RIGHT LEFT RIGHT LEFT 

80% 1561 + 603 237 + 126% 23+15 20+11 
65% 1592 + 435 750 + 596 31 + 16 9+ 2 
50% 1913 + 525 2049 + 938 18+ 7 36+ 10 
50%L 1328 + 182 1448 + 561 46+ 30 16+ 4 

TABLE IX ESTIMATED CYTOPLASMIC AND MITOCHONDRIAL 


[NAD*]/ [NADH] RATIOS IN RIGHT CONTROL 
AND LEFT STIMULATED GASTROCNEMIUS MUSCLES* 


ke Values are 0 ap SEM 


* Significant difference (p < .05) between left stimulated and 
right control muscles. 
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showed no differences (p .05) between left and right means in any of 
the tension groups. 
Cytoplasmic [NAD” ]/ [NADH] 

Table IX contains the means for the estimated cytoplasmic [NAD* ]/ 
[NADH] ratio. 

No significant differences (p .05) were shown to exist among con- 
trol muscle or stimulated muscle means using analysis of variance. 
Individual t-tests performed on the data for each tension group illus- 
trated a significantly lower (p .05) ratio in the left muscles of the 
80% group as compared to the right control ratio. Differences between 
control and stimulated muscle ratios in all other tension groups were 
not-significant-<(p——-.05); 

Mitochondrial [NAD’ ]/ [NADH] 

A summary of the estimated [NAD ]/ [NADH] data is included in Table 
LX. 

Analysis of variance on control and stimulated muscle means, and 
t-tests performed on control vs. stimulated muscle means for each ten- 
sion group, indicated no significant differences (p .05). 

Muscle Fibre Composition and Recruitment 

Table X contains a summary of data resulting from the classification 
of fibre composition and recruitment in the gastrocnemius-flexor muscle 
group. Muscle fibres were classified as fast or slow twitch based on a 
positive (fast) or negative (slow) response to the myosin ATPase stain, 
as outlined by Peter et al. (1972). 

All slow twitch fibres stained darkly and evenly on the NADH- 
diaphorase stain, attesting to the high oxidative potential of these 
fibres (see Appendix F). The slow twitch fibres in the control muscles 


also elicited the lightest relative staining intensity on the PAS stain 
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NUMBER OF 

NUMBER FIBRES TOTAL 7, FAST 

OF COUNTED PER FIBRES TWITCH 

SAMPLE SAMPLES MICROGRAPH COUNTED FIBRES 
Right Gastrocnemius 22 Lost 8 3451 Oli tae oe 
Left Gastrocnemius Ze Une baat: Cv am) o2,5 1 eek 
Total 44 1535459 6728 52.057 149 

TABLE X FIBRE COMPOSITION OF GASTROCNEMIUS 


MUSCLE (MEDIAL HEAD)# 


se Values are X SEM 
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for glycogen content. 

The fast twitch fibres, however, showed some variation in the NADH 
diaphorase and PAS stains. The vast majority of these fibres stained 
moderately on the NADH diaphorase stain, eliciting the subsarcolemmal 
depositing of formazen granules characteristic of the fast-oxidative- 
glycolytic (FOG) fibre as described by Peter etral., (19/72). However, 
there were fast twitch fibres which stained as darkly on the oxidative 
stain and as lightly on the PAS stain as the slow twitch fibres. In 
spite of the temptation to classify these latter fibres as FOG fibres, 
and the former as FG fibres, the decision was made to merely classify 
all fibres on the basis of twitch characteristics based on the myosin 
ATPase stain, and regard all fibres as having relatively high oxidative 
potential. 

The fibre composition of the gastrocnemius muscle (medial head) is 
outlined in Table X. Pilot data relative to fibre composition of both 
the lateral head and flexor component of the muscle group illustrated 
that the medial head was representative of the entire muscle group. It 
was also deemed necessary to utilize the fibre data from the medial head 
as this was also the site of the freeze-clamped samples. 

Analysis using t-tests revealed no significant differences (p ~.05) 
between the fibre proportions in left and right medial gastrocnemius. 

Subjective evaluation of fibre recruitment based on PAS staining 
intensity suggested a recruitment of all fibres with electrical 
stimulation (see Appendix F), due to the fact there was a decrease in 
the staining intensity in all fibres compared to the non-stimulated 
control muscle. In the 50% group muscles, all fast twitch fibres 
showed either a very light or a negative staining intensity on the PAS 


stain, with the slow twitch fibres staining darker than the fast twitch 
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fibres, but lighter than the slow fibres in the corresponding control 
muscle. 

The 50%4L fibre profile suggested a continued recruitment of the 
slow fibres with time, as witnessed by a further slight decrease in the 
general staining intensity of these fibres compared to the 50% group. 
No statistical analysis was performed on the data. 


Correlations Between Muscle Metabolite Concentrations and Tension-Time 
Parameters 


Table XI includes all those correlations which indicated a Sigusi=5 
icant relationship (p .01). The complete correlation matrix is included 
in Appendix E. 

The highest single correlation was between the rate of tension 
decline (g/min) and muscle lactate concentration (r=.80, p  .001). 

This relationship is illustrated in Figure 7. The three highest cor- 
relation coefficients involved relationships between muscle lactate 
concentration and rate of tension decrement (Table XI). 

Comparison of 65Z4L and 502L Groups 

Table XII contains a summary of means for selected parameters 
measured during the period of ‘steady state'' in tension development in 
the 65%L and 50%L groups. Measurements indicated were taken during the 
last 5 minutes of stimulation. No significant differences (p .05) were 
noted between the 65%L and 50%L group means, suggesting that these 
parameters did not significantly influence the tension at which these 
muscles levelled off. 

A summary of arteriovenous dynamics as measured during the steady- 
state period of tension development in the two level-off groups is in- 
cluded in Table XIII. No significant differences (p .05) in any of the 


arteriovenous parameters were evident, as indicated by statistical 


analysis using t-tests. 
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NUMBER OF PROBABILITY 
PARAMETERS CORRELATED OBSERVATIONS ie THAT r=0 
LEFT MUSCLE LACTATE CONCENTRATION 
(uM/g/min) VS: 
Rate of tension decline (g/min) 28 80 F001 
Rate of tension decline (g/g/min) 28 Bliss .001 
Rate of tension decline (%/min) 28 a 001 
Muscle tension development 
at sample (kg) 28 .63 2O00L 
Time from beginning of stimulation (min) 28 -.63 O01 
MUSCLE TENSION DEVELOPMENT AT SAMPLE 
(% OF ORIGINAL) VS: 
Left muscle CP concentration (pM/g) 23 -.63 001 
Left muscle glycogen concentration (¢Z) 29 <2 004 
MUSCLE TENSION DEVELOPMENT AT SAMPLE 
(KG) VSS 
Right muscle weight (g) 26 .66 001 
Left muscle weight (g) JS) ~ 62 .001 
Muscle glycogen concentration (g%) 29 257 001 
TABLE XI SUMMARY OF SIGNIFICANT (p < .01) 


CORRELATIONS BETWEEN MUSCLE METABOLITE 


CONCENTRATIONS AND TENSION-TIME PARAMETERS 
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GROUP 

PARAMETER 50ZL 65ZL 
Arterial blood po, oO keyd ieee a 94.2 + 6.1 
(mm Hg) 
Arterial blood pco,, 3900 Tao. Lk SE CABS) 
(mm Hg) 
Arterial blood pH Uecoet 0.02 TeLomt U502 
Arterial blood hemoglobin 12.8 + 1.0 12.8 + 0.8 
concentration (g%) 
Arterial blood hematocrit 20 sO SZ DYN, Veiner Cage) 
(4) 
Systolic blood pressure 2S aie 925s 
(mm Hg) 
Diastolic blood pressure 40 +4 21: 
(mm Hg) 
Muscle compartment temperature 6 SS a Oe) 40.0 + 0.6 


(°C) 


TABLE XII 


COMPARISONS OF SELECTED PARAMETERS 


MEASURED DURING THE LEVEL-OFF PERIOD 
IN THE 65%L AND 50ZL GROUPS@ 


Ss Values are X an SEM 
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LEVEL-OFF GROUP 


PARAMETER 65%L 50ZL 
Muscle oxygen uptake DL. Dab Gate DO 8S tie Griz 
Canes Oh i 
Muscle blood flow 0.94 + 0.16 O64 Oi 07 
(ul/g/min) r ¢ 
Lactate (A-V) difference 02054 0220 =—0,.0% -°0).05 
(uM/ g/min . 
Glucose (A-V) difference 0.14 + 0.17 0.15 + 0.20 
(uM/g/min) 
Water (A-V} difference 228.9 S20 0GEtS 34 
(uM/ g/min) 
FFA (A-V) difference WTS 2 6 8.8) 75/13 
(neq/g/min) 
Respiratory quotient C292 ROG Occ0er 102 


(R.Q.) 


TABLE XIII 


ARTERIOVENOUS DYNAMICS MEASURED 


FIVE MINUTES PRIOR TO THE END OF 
THE LEVEL-OFF PERIOD IN 65Z4L AND 
50ZL GROUPS 


: Values are X+ SEM 
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The data in Table XIV summarize the muscle metabolite profiles in 
the 65Z%L and 50%L groups. T-tests performed on left vs. right concen- 
trations of muscle glycogen, muscle ATP and muscle CP concentrations 
showed similar significant decreases (p<.05) in the left muscles for 
both groups. The CP concentration decrease in the 50%L group was sig- 
nificant (p¢.01). Muscle lactate concentration was significantly 
lower (p<.05) in the left as opposed to the right muscle of the 65%ZL 
group, while no difference (p >.05) existed between the left and right 
muscle means in the 50%L group. The t-tests performed separately on the 
right control muscle concentrations (65%ZL vs. 50%L) and on the left 
stimulated muscle concentrations (65%L vs. 50%L) indicated no sig- 
nificant differences (p>.05) between pairs of means. 

Table XV contains a list of the highest correlation coefficients 
found between specific arteriovenous parameters or muscle parameters, 
and the percent of original tension at which the muscles in the 652ZL 
and the 50ZL groups levelled off. The highest single correlation, and 
the only one showing a significant relationship (p< .01) was that 
relating percent of original tension at which level-off occurred and 
the lactate (A-V) difference measured at 65% of original tension 
(r=.82, p=.003)(Figure 8). All other correlation coefficients were 
lower and not significant (p>.05). 

Examination of fibre recruitment patterns in the 65ZL and 50ZL 
groups (see Appendix F) suggested a slight difference in fibre glycogen 
utilization in these groups. In the 50%ZL group the fast twitch fibres 
appeared to be devoid of glycogen, as witnessed by a negative reaction 
to the PAS stain, with the slow twitch fibres staining either very 


lightly or, in some cases, negatively. Examination of the 65ZL muscle 
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PARAMETER RIGHT LEFT RIGHT LEFT 


Muscle glycogen 
concentration (g%) On Bete0.05. 0.08 a 02025 Oe lbp 0.04.0, 06.4. 002% 


Muscle glycogen 
(L/R) --- 0.49 + 0.05 --- 0.48 + 0.09 


Muscle glycogen 
utilized (2%) --- 0.10 + 0.03 --- 0.10 + 0.03 


Muscle ATP 
concentration 
(pM/g ) 4265 4°03) 53.19 00-44% 3 631-0143) 2251) + 0.42% 


Muscle CP 
concentration 
(pM/¢ ) Said tie! 42; 5.2674 0.52% 9,000.90 5.26.4) 0.22%% 


Muscle lactate 
concentration 
(uM/g ) Lei +,0.30 0.59 +..0225570. 9204 Ga20) In at 30 


Muscle pyruvate 
concentration 
(pM/g ) : 0615-4 -0..03- 90.1474 0503 O.l6e- 050 0.26 +. 0.02 


Cytoplasmic 
[NAD+] / [NADH ] 962 + 348 3186" 1296 uso 182 1448 + 561 


Mitochondrial 
[NAD+] / [NADH ] 17 ++ 5 97 + 74 46 ala 30 16+ 4 


Fast twitch 
fibres (%) --- 53+ 5 eee 58 + 3 


Slow twitch 
fibres (%) --- 47 + 3 --- 42 +3 


TABLE XILY MUSCLE METABOLITE LEVELS IN THE LEFT 
AND RIGHT GASTROCNEMIUS MUSCLE IN 
65%ZL and 50%L GROUPS? 
a — 
Yalues are X + SEM 
* Significantly different from right muscle (p ¢ .05) 


*k Significantly different from right muscle (p ¢ .01) 
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NUMBER OF PROBABILITY 
PARAMETER OBSERVATIONS its THAT r=0 
Lactate (A-V) difference (uM/g/min) 
measured at 65% 10 82 2003 
Muscle blood flow (ml/g/min) 
measured at 65% 10 rod: . 084 
Plasma water (A-V) difference (ul/g/min) 
measured at level-off 10 eis (O54 
Muscle lactate concentration 
(uM/mg ) 11 -,52 .099 
Muscle blood flow (m1/g/min) 
measured at level-off 12 a0 097 
TABLE XV RELATIONSHIPS OF SELECTED PARAMETERS 


TO TENSION AT WHICH LEVEL-OFF OCCURRED 
(% OF ORIGINAL) DURING CONTRACTIONS 
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sections revealed fast twitch fibres which stained negatively, for the 
most part, although evidence of small amounts of glycogen was present 
due to lightly staining fast twitch fibres. All slow twitch fibres 
tended to contain relatively high amounts of glycogen as witnessed by 

a darker staining intensity in these fibres compared to the slow twitch 


fibres of the 50Z%L muscles (Appendix F). 
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DISCUSSION 

The progressive reversible decrement in the ability of electrically 
stimulated or voluntarily recruited muscle to maintain high levels of 
tension output is well documented (Stainsby and Welch, 1966; Welch and 
Stainsby, 1967; Hirche et al., 1970; Hirche etal, 19/1; Simonson, 
1971; Baldwin and Tipton, 1972; Fitts Cla, Lov ose BICC el aie, 20/5 
Morganroth et al., 1975). The pattern of this decrement is dependent 
upon whether contractions are sustained or rhythmic (Simonson, 1971; 
Stainsby and Welch, 1966; Hirche at 1975), the muscle fibre com- 
position (Baldwin and Tipton, 1972), and the rate of stimulation of the 
muscle (Stainsby and Welch, 1966; Welch et als, 1974). the tension 
decline patterns of the working muscles witnessed in the present inves- 
tigation are similar to those reported by other investigators using in 
situ muscle preparations (Welch and Stainsby, 1967; Hirche et al., 1970; 
Hirncne: Ctaal., LO7T;=Baldwan and Tipton, 19/2; "Fitts et al. 1973; 
Morganroth et al., 1975), demonstrating an initial rapid decline in 
tension followed by a progressively slower decrease to an apparent 
steady state in tension development. This pattern has been illustrated 
in voluntary contractions (Simonson, 1971), and it has been illustrated 
that humans can perform isometric contractions from 15 to 50 per cent 
of maximum voluntary contraction, for periods up to 90 minutes when 
contractions are of short duration, rhythmic, and interspersed with 
short rest intervals (Gollnick et al., 1974). This pattern is comparable 
to the level-off phenomenon witnessed in the present investigation. 
Maintenance of Viability of the Muscle Preparation 

An attempt was made in these experiments to outline metabolic cor- 


relates to tension decline in a maximally stimulated in situ muscle 
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preparation. This necessitated the use of a preparation which could be 
maintained at a consistent degree of viability throughout the experiment. 
Any physiological deterioration on the part of the anesthetized animal 
or the muscle preparation itself might potentially affect the metabolic 
and contractile properties of the working muscle, thereby limiting any 
conclusions as to intramuscular metabolic roles in tension decline 
during continuous contractions. For this reason, methodological at- 
tempts were made at preventing such deterioration from occurring. 

Of prime concern was the role played by the stimulated nerve trunk 
and at the neuromuscular junction, in the gradual tension decline of 
the working muscle group. Results from previous research involving in 
situ muscle (Hirche et al., 1970; Stainsby, 1970) as well as human 
muscle in vivo have eliminated the neuromuscular junction as a possible 
site of fatigue during indirect stimulation, unless the nerve trunk 
stimulation was uninterrupted, at a tetanizing frequency, for 15 to 60 
minutes (Simonson, 1971). Although stimulation of the severed nerve 
trunk has been shown to elicit muscle tension decrement curves com- 
parable to those witnessed when using direct muscle belly stimulation 
(Stainsby, 1970; Hirche et al., 1970), this was not the case in the 
pilot experiments conducted prior to the experimental series in this 
investigation. Changing immediately from nerve trunk stimulation to 
muscle belly stimulation during continuous contractions resulted in a 
3 to 4 fold increase in muscle tension development. The reason for the 
lack of similarity in tensions elicited via indirect and direct muscle 
stimulation is unexplained, but may have been due to inadequate main- 
tenance of nerve trunk viability, incomplete stimulation of the entire 


nerve trunk, neuromuscular failure, or a combination of these factors. 
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For these reasons, direct electrical stimulation delivered to the muscle 
belly was utilized throughout the experimental series. 

In the level-off experiments, which constituted the longest ex- 
periments in the series, selected parameters were measured to give in- 
dications as to the physiological constancy of the preparation. Rectal 
temperature, arterial blood glucose concentration, hemoglobin, and ar- 
terial po, remained unchanged during the prolonged experimental manipu- 
lation (Appendix E). However, there were significant decreases in both 
systolic and diastolic pressure, which reflected the gradual loss in 
blood volume as a result of surgery, and perhaps some decrease in arter- 
iolar and venomotor tone with time under anesthesia. However, no 
significant relationships (p @.05) were evident between either of the 
pressures and individual tension parameters (Appendix E). In addition, 
the significant changes in arterial blood pco., pH, hematocrit, lactate 
angpiree tatty acids could noteaccount tor ditterences in Level-oft 
tension in these experiments (Tables XII and XIII), and can be attributed 
most likely to a dilution effect of the intravenous Ringer's drip, and 
altered respiratory patterns during anesthesia. 

The maintenance of the ability of the muscle to autoregulate its 
own blood supply to metabolic demand, in spite of denervation, is a 
well known index of muscle preparation viability (Stainsby and Otis, 
1964; Duran and Renkin, 1974). Maintenance of autoregulatory ability 
of the muscle preparations used in the present study was suggested by 
the relatively low correlation (r=.24; p=.04) between arterial po, and 
muscle oxygen uptake, compared to the high degree of relationship 
(r-.88; p€.01) between arterial po, and (A-V) 05 difference (Figure 6). 


Thus, although arterial po, dictated to a large degree the extent of 
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extraction of oxygen from arterial blood, this influence did not appear 
to significantly affect the oxygen consumption of the muscle during 
contractions, probably due to the ability of muscle to increase its 
blood supply relative to metabolic demand. This interpretation is con- 
sistent with the research of Stowe et al. (1975), who attributed the 
local control of working muscle blood flow to altered po. and pH of the 
effluent blood and their effects, either independent or combined, on 
vascular smooth muscle tone, and therefore, resistance to flow. This 
autoregulatory ability of denervated muscle has been illustrated by 
Stainsby and Otis (1964), who demonstrated ina similar dog gastroc- 
nemius muscle preparation, that muscle oxygen uptake was maintained con- 
stant in the contracting muscle, in spite of arterial po. levels below 
normal, until a critical arterial po, of 40 mmHg was reached. In no case 
in the currently discussed series of experiments was the arterial po, 
during contractions below 60 mmHg (Figure 6). 

Recently, Barclay and Stainsby (1975) illustrated in isolated canine 
gastrocnemius muscle that increasing spontaneous blood flow through the 
muscle group while it was contracting at a steady level of tension develop- 
ment resulted in an increase in both tension development and oxygen uptake. 
Their calculations indicated that the resulting increase in oxygen de- 
livery to the working muscle was of the same magnitude as the increased 
oxygen delivery resulting from arterial po. elevation, which resulted in 
no change in tension development or oxygen uptake (Stainsby et al., 1972). 
Thus, of the two conditions in which the rate of oxygen delivery to the 
muscle was enhanced, the artificial increase in muscle blood flow caused 
increased muscle oxygen consumption and contractile capabilities, while 


the artificial increase in arterial oxygen content did not. The conclusion 
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of Stainsby et al. (1972) was that muscle tension and oxygen uptake are 
dependent upon muscle blood flow rate, and that the mechanism does not 
involve the rate of oxygen delivery. Although the ramifications of 
these findings to the present study are not entirely clear, the results 
from the current series of experiments suggested no significant effect 
of pressure alterations on tension decrement in any of the experiments 
(Appendix E) or in the tension at wnich Level off occurred in the Level 
off groups (Table XIII). In addition, although significant correlations 
existed between muscle blood flow and selected tension indices (Table 
IV), the correlations were not as high as those involving metabolic 
parameters to be discussed. 
Muscle Metabolic Rate During Contractions 

The resting oxygen consumption and blood flow measurements taken 
during the prestimulation period are consistent with previous reports 
using similar preparations (Stainsby and Otis, 1964; DiPrampero et al., 
1968; Piiper et al., 1968; Hirche et al., 1971). Although the maximum 
oxygen uptake capability of each working muscle was not directly 
measured, indirect evidence suggests that the stimulation pattern 
elicited a muscle metabolic rate which might be considered below max- 
imum aerobic capacity. The highest mean oxygen consumption of the 
working muscle of 84.0 os 9.0gg1/g¢/min demonstrated in the present in- 
vestigation is below the maximum values which have been reported else- 
where. Stainsby and Welch (1966) reported that the oxygen uptake of 
the working dog gastrocnemius muscle group performing twitch con- 
tractions reached a maximum level of approximately 30 times rest, which 
is well over the approximately 12 fold increase reported herein. Ab- 


solute oxygen uptake levels over 100 wl/g/min (Welch and Stainsby, 1967; 
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Pitper ettals,ol968;cHirche etsalt ,o1971s 1 Stainsbyeand Barelay,.197 25 
Hirche et al., 1975) are generally accepted as maximum for this muscle 
group, during both twitch (Welch and Stainsby, 1967; Piiper et al., 
1968) and tetanic (Hirche et al., 1971; Stainsby and Barclay, 1972) 
types of rhythmic contractions. In addition, reported muscle blood 
flows at these high metabolic rates have been in excess of those 
reported in this study (Piiper et al., 1968; DiPrampero et al., 1969; 
Hirche et al., 1975). Further evidence suggesting the muscle was 
working at a submaximal metabolic rate is evident upon examination of 
the arterial and venous po. dynamics during the contraction period. 
Stainsby and Otis (1964) have reported that the critical venous po, 
draining the working muscle is approximately 10 mmHg, below which there 
are indications of decreases in developed tension and oxygen consumption 
due to insufficient oxygen availability. Measurements of venous po. 
values during the contraction period in this investigation illustrated 


mean pO, levels well above this critical level (Table II). In addition, 


iz 


arterial pO, values during contractions in all experiments were main- 


2 
tained close to normal unanesthetized levels and in no instance fell 
below 60 mmHg (Figure 6), which is well above the critical arterial 


po, of 40 mmHg below which oxygen becomes limiting during contractions 
(Stainsby and Otis, 1964). 

Although significant increases in resistance to muscle blood flow 
have been reported for this muscle group when performing sustained iso- 
metric contractions, Hirche et al. (1970) have illustrated that during 
rhythmic isometric contractions similar to the type utilized in this in- 


vestigation, there is no significant resistance to flow. In fact, Hirche 


et al. (1970) claim that flow is facilitated by the compression of 
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veins during contractions. Had flow limited oxygen consumption in this 
series of experiments, it would have been shown by an approach of venous 
pO, levels to the critical level during periods of high tension decre- 
ment (80% sampling interval), and by a strong relationship between flow 
and oxygen uptake. A significant, although low, relationship appeared 
to exist between blood flow and oxygen consumption (r=.53, p € .01), a 
phenomenon which has been illustrated by Barclay and Stainsby (1975) in 
this muscle group when contracting at a steady state of tension produc- 
tion. This relationship, however, appeared to be independent of tension 
development indices, as illustrated by the relationships of blood flow 
and oxygen consumption to tension indices (Appendix E). 

The maximum mean muscle lactate concentration reported in this 
inyestigation (9.94 + 1.41MM/g in 80% group) is below the levels 
meported by Hirche et al. (1973, 19/5), which approached 1/.5 4 271 
paM/e after 2 minutes of contraction. These data, in addition to the 
comparatiye oxygen consumption, blood flow and blood po. results 
previously outlined, strongly suggest that the muscles in the present 
study were working at a metabolic rate below maximum capacity, in the 
presence of sufficient quantities of oxygen, at least at the 80% sam- 
pling interval and thereafter. 

Arteriovenous Parameters and Tension Decrement 

The data reported on the arteriovenous dynamics have been corrected 
for alterations in plasma water content of the blood passing through 
the muscle, using the formulae of Schlein et al. (1973) (Appendix D). 
Therefore, the arteriovenous results cannot be directly compared to 


those reported by other inyestigators who have used the Fick principle 
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(Rushmer, 1970) without this correction, although trends should be 
comparable. 

By using this formula, it was possible to estimate the uptake and 
release of water by the working muscles. The uptake of plasma water 
of 19.9 + 5.4p41/g/min is lower in magnitude than the maximum level of 
33.9 + 8.0g¢1/g/min reported by Schlein et al.) (19/73) in their working 
dog sartorius muscles. This may possibly be due to higher metabolic 
rates than those found in this investigation, although these were not 
reported by Schlein et al. Increases in intracellular and interstitial 
water content have been reported in human quadriceps muscles during 
heavy bicycle ergometer work (Bergstrom et al., 1971). Jacobsson and 
Kjellmer (1964) suggested that this phenomenon of water uptake by work- 
ing muscle is due to the osmotic gradient generated by the addition of 
lactate to the intracellular and interstitial spaces, thus causing 
water moyement from plasma into the muscle. In spite of the tendency 
of the water arteriovenous dynamics during contractions to follow the 
tension decline pattern, the highest individual correlation relating 
(A-V) water difference to any tension parameter was low compared to 
other metabolic factors (r=.27; p=.02} between arteriovenous water dif- 
ference and tension in kg at sample time, see Appendix E). It is pro- 
posed that the plasma water influx during the initial periods of high 
tension decrement was merely a consequence of other metabolic and/or 
cardiovascular changes during contractions which were themselves more 
closely related to tension decline. 

There were no significant relationships between arteriovenous water 
differences and arterioyenous lactate difference measured at the same 


time (Appendix E, Table XIX). This does not preclude the influx of 
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plasma water into contracting muscles due to lactate accumulation, 
as it has been shown that lactate may accumulate in working muscle 
at the beginning of contraction, and not be reflected in magnitude 
via (A-VY) lactate differences (Hirche et al., 19/3). Since water 
arteriovenous difference and muscle lactate concentration were not 
measured less than 5 minutes apart, it was impossible to estimate 
this relationship. Therefore, water influx during contractions may 
have been due to the osmotic effect suggested by Jacobsson and 
Kjellmer (1964), and may also have been facilitated by an increase 
in capillary pressure during contractions, which has been shown to 
result in muscle edema in Sontracr ive canine gastrocnemius (Hirche 
et al., 1970). Whatever the reason for the arteriovenous water 
dynamics witnessed in this investigation, they cannot be proposed as 
being significant in tension decline in the working muscles. 

The muscle lactate output measured during the prestimulation 
resting period is within the range of values which have been reported 
by other investigators using a similar preparation (Stainsby and Welch, 
$966."Hirche etral., V971: Hirche eteall 19/5) 0 lhe niches: working 
muscle lactate output was recorded during the initial 80% sampling in- 
teryal, after which lactate output gradually declined to resting 
levels (Table III). The absolute arteriovenous difference of -0.72 
a 0.07p4 M/g/min recorded at 80% is below the lactate output levels of 
above 1.0gaM/g/min (Welch and Stainsby, 1967; Hirche et al., 1973a) 
and as high as 3,0pM/g/min (Hirche et al., 1975) reported for similar 
preparations working at higher metabolic rates. The fact that lactate 
(A-V) difference, unlike any other single arteriovenous parameter, was 


significantly correlated with all tension-time indices (Table IV), 
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suggests a possible role of lactate production in muscle tension 
decrement. Although correlational data does not infer cause and effect, 
the relationships between arteriovenous lactate and tension indices 
strongly suggest that lactate may be involved either as a direct affector 
or as an indicator of another factor which is involved in influencing 
tension. The single highest correlation was between lactate (A-V) 
difference and time (r=.63, p¢.01). It thus appears that the accumu- 
lation of lactate in muscle tissue during the initial phases of con- 
traction, and failure of the circulatory system to remove it as quickly 
as it was being produced, may have taken place. This phenomenon of 
insufficient removal of muscle-produced lactate has been attributed to 
the muscle membrane constituting a barrier to the non-ionized form of 
lacticacid: (Hirche et al., 1975). ‘Such a limitation to lactate 

efflux from muscle during periods of high lactate production could 
result in a time-related phenomenon, with lactate (A-V) dynamics fail- 
ing to reflect muscle metabolic status at any given point in time. 

This relationship is suggested by the present results (Table IV). 

The slight glucose uptake (Table III) by the resting muscle found 
in the present investigation has been reported elsewhere (Chapler and 
Stainsby, 1968; DiPrampero et al., 1969; Hirche et al., 19/70; Costin 
et al., 1971; Schlein et al., 1973; Chapler and Katrusiak, 1974). 

The negative glucose arteriovenous difference witnessed at the 80% 
sampling interval (-0.03 + 0.09gaM/g/min), suggesting a tendency towards 
glucose output during this initial period of tension decline, has also 
been shown by Corsi et al. (1969) in tetanized muscle. Their reported 
glucose output levels during the initial period of contraction (30 sec 


into the contraction period) were in some cases more than twice the 
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mean value obtained in the present investigation. Similarly, Bergstrom 
and Hultman (1966) found that there was no positive (A-V) difference in 
glucose across the legs of humans working on the bicycle ergometer, 
thereby suggesting a tendency towards glucose release, or nonutilization. 

More recently, Schlein et al. (1973) have illustrated glucose up- 
take by contracting muscles when a correction is made for plasma water 
uptake by muscle. The standard Fick principle without this correction 
erroneously indicated a net glucose release from the muscle. The pre 
sent investigation is the first to illustrate a tendence towards glucose 
release by contracting muscle early in the contraction period, even 
when the correction is made for the increased glucose concentration of 
venous blood due to plasma water flux into the muscle. This glucose 
output appears to coincide with increased levels of glucose-6-phosphate 
in working muscle (Corsi et al., 1969; Hultman and Bergstrom, 1973) 
during periods of high glycogenolysis (Corsi et al., 1969; Hultman and 
Bergstrom, 1973). Indeed, Hultman and Bergstrom (1973) haye measured 
increased levels of free glucose in the quadriceps muscles of humans 
performing heavy bicycle ergometer work. They attribute this to the 
fact that glucose produced by the action of 1,6-amyloglucosidase may 
not be phosphorylated at a rate concomitant with its production. 

After this initial output, glucose uptake increased although not 
significantly, to a level of 0.35 + 0.15psM/g/min by 60%, which is 
higher than the maximum values that have been reported in muscles per- 
forming twitch contractions of 1 to 4 per second (Chapler and Stainsby, 
1967; Costin et al., 1971) and is comparable to that reported at twitch 
rates of 5 per second, and during high intensity rhythmic tetanic 


contractions (Chapler and Stainsby, 1968; Hirche et al., 1970; Chapler 
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and Katrusiak, 1974). However, the degree of variation in the glucose 
data was large, and failed to illustrate significant relationships 
with any tension decline or time indices, thus eliminating it as a 
possible limiting factor itself, or indication of any limiting factor 
related to its respective uptake, metabolism or release. 

The only comparable result in the arteriovenous FFA data was an 
output of FFA by muscle at rest. This phenomenon has been reported by 
previous investigators (DiPrampero et al, 1969; Keul et al., 1974). 
During the contraction period, there appeared to be no consistent trend 
relative to FFA uptake or release and the variability was extremely 
high. Similarly, the R.Q. estimates, although indicating a trend 
towards fat metabolism toward the end of the contraction periods in 
the prolonged experiments, showed a large amount of inter-animal var- 
dation. Consequently, no discernible relationships of either arterio- 
venous FFA or R.Q. with tension-time indices were demonstrated. 

Muscle Tissue Concentrations and Tension Decrement 

Measured muscle lactate concentrations during contractions 
(Table VIII) were lower than those reported in similar preparations 
(Hirche et al., 1973a; Hirche et al., 1975), in stimulated rat gas- 
trocnemius muscle (Edington et _al., 1973), and in the quadriceps muscle 
of humans performing at 75% of maximum aerobic capacity (Karlsson et al. 
1971). During the working period muscle lactate concentration was 
more highly related to tension decrement indices than any other single 
metabolic parameter (Table XI, Figure 7). This result, in conjunction 
with the arteriovenous lactate data, support the suggestion that lac- 
tate accumulated in the muscle during the initial period of contraction, 


either constituted, or was in some way intimately related to, a factor 
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limiting the ability of the muscle to maintain a high degree of work 
output. A limiting aspect of muscle lactate accumulation, mediated via 
a concomitant increase in intramuscular hydrogen ion concentration, has 
been proposed by a number of investigators (Karlsson eta ay Os 
Karlsson et al., 1972; Hermansen etal, 1972).0) Katz, (1970)) on the 
basis of research on acidotic heart muscle, proposed the concept that 
the negative inotropic effect of acidosis may reflect a decrease in 
the number of active actin-myosin interactions due to displacement of 
troponin-bound calcium ion by hydrogen ion. Fuchs et al. (1970) investi- 
gated this possibility in vitro by examining the binding capabilities 
of isolated rabbit skeletal muscle troponin and calcium, which decreased 
at pH levels near those reported in the muscle of exercised humans 
(Hermansen et _al., 1972). Recently, Hirche et al. (1975) have 
presented data which further support this concept. In their inves- 
tigation, the pH of the arterial blood supplying the working gastroc- 
nemius muscle preparation was altered by infusion of either sodium 
bicarbonate or hydrochloric acid. During the work period, both con- 
ditions resulted in similar muscle lactate concentrations. Following 
the first 5 to 6 minutes of work, the condition of increased blood pH 
resulted in a higher arteriovenous lactate difference, a corresponding 
faster decrease in muscle lactate concentration, and a slower decrease 
in muscle oxygen uptake and work power per time than the acidotic con- 
dition. Their conclusion was that lactate accumulated in the muscle 
cell and impaired work performance early in the work period, and that 
the alkaline condition enhanced removal of this limiting metabolite 
during the ensuing work period, thus decreasing its influence or the 


influence of HY on tension development. This proposed negative 
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influence of muscle lactate accumulation or decreased pH on muscle 
tension development is supported by the results of the present study, 
and also helps to explain the lack of relationship between lactate ar- 
teriovenous difference and tension decline at any time during con- 
tractions. 

The concept of production of large quantities of lactate under 
conditions of aerobic sufficiency has been proposed (Jobsis and 
Stainsby, 1968) and opposed (Hirche et al., 1973). Jobsis and Stainsby 
(1968), utilizing a fluorimetric technique for continuously monitoring 
the redox state of pyridine nucleotides in mitochondria of canine 
muscle, illustrated a continued oxidation of NADH during twitch and 5 
second tetanic contractions, in spite of lactate production. This 
result, in conjunction with the measured increased reduction of pyridine 
nucleotides with forced hypoxia during contractions, supported their 
claim that lactate was produced in muscle during periods when mitochon- 
dria were well-oxygenated. This decrease in reduction of mitochondrial 
pyridine nucleotides began immediately upon initiation of contractions, 
thus suggesting the absence of hypoxia even during the initial period 
of contractile activity. Edington et al. (1973) have more recently 
shown a progressive increase in muscle lactate concentration to levels 
as high as 34 MM/g, during 10 minutes of stimulation in rat gastroc- 
nemius muscle, in spite of evidence of well-oxygenated mitochondria. 
The results of the present study support the concept of lactate prod- 
uction by "aerobic glycolysis" (Hirche et al., 1973), in light of the 
fact that there was no evidence of mitochondrial hypoxia at 80% of 
original tension development (2 to 3 minutes from beginning of stim- 


ulation) in spite of high muscle lactate levels, negative arteriovenous 
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lactate differences, and rapid tension decline. 

Hirche et al. (1973, 1975) base their claim of no aerobic prod- 
uction of lactate on their observation that estimated lactate production 
calculated by comparing muscle lactate decrease and lactate arterio- 
venous difference during the same period, did not occur after the 
initial period of 0, deficit. Calculations (Table III) from the 
results of the present study suggest that, in fact, lactate was being 
produced in these muscles after the initial hypoxic period during con- 
tractions. The time period between the attainment of 50% of original 
tension and the measurement of muscle lactate at the end of the 50%L 
experiments was approximately 36 minutes (Table I). The mean lactate 
decrease in muscle during this time was 0.25 pM/g (Table 111). If we 
assume an average lactate arteriovenous difference during this period 
of -0.07 uM/g/min (Table III), then the total efflux of lactate from 
the muscle into the blood during the 36 minute period would approach 
2.52 aM/g. Since this estimate of lactate efflux is more than 10 times 
that which can be accounted for by merely a washing out of muscle ac- 
cumulated lactate, it must be assumed that lactate is still being 
produced by the muscle, in spite of evidence of attainment of a met- 
abolic and contractile steady state. The magnitude of lactate prod- 
uction calculated from the present experimental data is probably gross- 
ly underestimated, since the lowest lactate arteriovenous difference 
during this period was assumed to be the average for this period 
(Table III), and no account was made for disappearance of some of the 
lactate produced via oxidation by the working muscle, which has been 
shown to occur using isotopic lactate (Jorfeldt, 1971). It is sug- 


gested that the lactate output from the muscle as estimated by Hirche 
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et al. (1973a) may have inyolved relatively large errors in estimate 
due to their failure to account for the rather dramatic changes that 
appear to occur in plasma water content of the blood perfusing the 
muscle during high metabolic rates. Following the initial high period 
of water influx during the first 3 to 10 minutes of contraction (Table 
III), a subsequent release of this accumulated water from the muscle 
could produce an apparent underestimate of muscle lactate efflux 
through a venous dilution effect, which might account for the incon- 
sistency of the results of Hirche et al. with those of the present 
study. 

The attainment of a steady state in muscle ATP concentration after 
2 to 3 minutes of contractile activity has been shown to take place 
relatively independently of work rate (Karlsson et al., 1971). An 
attainment of steady state ATP concentration by 80% of original ten- 
sion development occurred in the current investigation. The subsequent 
ATP level remained statistically unchanged after the 80Z interval, 
in spite of varying degrees of tension decrement at the times when 
tissue samples were taken (Table VI). This situation, exemplified 
by the lack of significant correlation between tissue ATP concentra- 
tion and tension decline, is suggestive of the minor role played by 
ATP depletion in the tension capabilities of the muscles contracting 
in this experiment. If it is assumed that the majority of ATP in 
the muscle cell exists in the cytoplasmic compartment, as is the case 
in the liver cell (Krebs, 1973), then the muscle tissue appears to 
maintain a relatively constant level of cytoplasmic ATP, after an 
original drop to a steady state, which is not limiting to contractile 


capability. It is understood that metabolite concentration, as 
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estimated at any given point in time, does not yield direct information 
concerning metabolic turnover. It can be assumed, nonetheless, that 
at the level of the contractile machinery, the concentration of ATP 
immediately before contraction would dictate the tension of the sub- 
sequent contraction. If this assumption is valid, a period of rapid 
tension decrement would be associated with decreased ATP levels, if 
ATP availability alone were the limiting component. Therefore, the 
lack of relationship between ATP concentration and tension decrement 
during contractions supports a concept involving interference of the 
contractile process, perhaps mediated through lactate accumulation, 
independent of the availability of ATP. This is further supported by 
evidence (Cerretelli et al., 1969) that ATP levels during contractile 
activity can be decreased to levels lower than those measure in the 
present study. 

It is accepted that creatine phosphate (CP), while not constituting 
a direct energy source for contractile activity, serves as a source of 
high energy phosphate for the rephosphorylation of ADP (Lohmann, 1934). 
Decreases in CP as a result of muscular activity are generally more 
pronounced than decreases in ATP concentration. This phenomenon is 
most likely due to its facility in transphosphorylating ADP via the 
creatine kinase reaction (Sahlin et al., 1975), and the necessity of 
its rephosphorylation only via ATP during the period immeidately follow- 
ing contractile activity (McGilvrey, 1975). As opposed to ATP decrease 
patterns, CP concentration can approach depletion levels as a result 
of high intensity contractions under forced hypoxic conditions 
(Hultman et al., 1967; Karlsson et al., 19/1; Fitch et al., dhe baye ee 


The results of the present study illustrated CP levels above those 
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reported in muscles contracting at higher metabolic rates (Cerretelli 
et al., 1969; Edington et al., 1973; Fitch et al., 1975) in spite of 
resting values which are relatively low compared to data reported from 
similar preparations (Piiper et_al., 1968; Piiper and Spiller, 1970; 
Hirche et al., 1973). This suggests a sufficiency of high energy phos- 
phate for contractile activity, especially in view of the lack of 
relationship between rate of tension decline and CP concentration at 
any point during rhythmic contractions. The fact that CP concentration 
was significantly related to percent of original tension, and not to 
rate of tension decline, reflects the stress put on this CP high energy 
phosphate store during the periods of highest ATP hydrolysis and need 
for ADP rephosphorylation, during the periods of highest work output. 
The cytoplasmic and mitochondrial redox states of the pyridine 
nucleotides are within the rages outlined by Krebs (1967) in rat liver, 
illustrating a cytoplasmic [ap*]/ [NADH] ratio which is much higher 
than the mitochondrial ratio. During the contraction period, the 
finding of an unchanged mitochondrial [NAD* ]/ [NADH] ratio appears to 
contradict the results reported by Edington et al. (1973). However, 
the fact that their muscles showed no apparent fatigue may account 
for part of this difference, as well as the fact that rat muscles were 
used in their experiments. Jobsis and Stainsby (1968) have shown in- 
creased levels of pyridine nucleotide oxidation during contractions, 
as have Jobsis and Duffield during very short contractile periods (1967), 
in both cases utilizing a fluorimetric monitoring technique which is 
relatively selective for mitochondrial NADH (Jobsis and Duffield, 1967). 


Edington et al. (1973) claim such an increase in mitochondrial NaDt 
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compared to the reduced form is indicative of limitations in the supply 
of reduced carriers to the respiratory chain, although this limitation 
was not evident in terms of work performance decrements. The results 
of the present study suggest an abundant availability of reduced equiva- 
lents during contraction, as evidenced by an unchanged mitochondrial 
[NAD*]/ [NADH]. This may be a direct reflection of the low relative 
work load imposed on the muscle. It would seem that a limitation in 
the availability of reduced carriers, as feflected by an increase in 
the estimated [NAD*]/ [NADH] ratio in mitochondria, would exist at work 
loads approaching maximum aerobic capacity, and not at the submaximal 
loads used in this study. 

The cytoplasmic [NAD*]/ [NADH] showed a significant decrease by 
80% of original tension development, which gradually tended to revert 
towards resting levels as contractions continued. Such a large increase 
in the reduction state of the cytoplasm is once again inconsistent with 
the results of Edington et al. (1973), who reported an increased oxida- 
tion of the cytoplasmic pyridine nucleotides with contraction. Their 
increases in [NAD*]/ [NADH] were accompanied by increases in pyruvate 
which exceed those seen in the present study by, in some cases, a 
factor of 50. This discrepancy in results of the two studies might be 
explained by the fact dog gastrocnemius, which is known to have high 
oxidative potential compared to other species (Maxwell et al., 1975), 
may have increased capacity in pathways for removing pyruvate, such 
as pyruvate oxidation by mitochondria and the alanine transaminase 
reaction (Holloszy et al, 1975). Pyruvate concentrations in the 
working muscles in the present study did not change significantly 


from the resting condition, and were similar to those reported from 
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working human muscle (Karlsson, 1971). 

The oxidized form of NAD" is a vital component in glycolysis at 
the step catalyzed by the enzyme glyceraldehyde-3-phosphate dehydro- 
genase (Newsholme and Start, 1973). The NADH produced via this reac- 
tion must be either reoxidized by the coupled conversion of pyruvate 
to lactate, or via one of the several "shuttles" (Boxer and Devlin, 
1961) which are known to function as transport mechanisms of cytoplasm 
generated electrons into the mitochondria. In attempting to explain 
the lack of similarity in changes seen in cytoplasmic and mitochondrial 
INAD*]/[NADH], one might be tempted to propose a mechanism whereby the 
transport of cytoplasmic reduced equivalents into mitochondria via 
shuttle mechanisms is impaired. However, the results indicated that 
mitochondrial [NaD‘]/ [NADH] remained unchanged, suggesting that, at 
the workloads imposed in this study, the shuttle of reduced equivalents 
was sufficient to meet the rate of flux through oxidative phosphory- 
lation. 

Increases in ADP concentration in muscle tissue are known to be 
potent stimulators of glycolysis (Danforth, 1965; Holloszy, 1975). A 
lag time has been suggested to exist (McGilvrey, 1975) between the 
production of ADP as a result of contractile activity and its diffusion 
to the vicinity of the mitochondria. In addition, a translocase has 
been proposed (Klingenberg, 1970) which includes active transport of 
ADP into the mitochondrial matrix, in exchange for an ATP molecule. 
Thus, the massive production of ADP as a product of contractile ac- 
tivity could, in fact, stimulate glycolysis before actually reaching 
the site of rephosphorylation in the mitochondrial matrix, thus resul- 


ting in massiye glycolytic flux in the presence of adequate oxygen 
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supply. Such a concept becomes more feasible when considering that 
fast twitch fibres use ATP very inefficiently in producing tension 
(Wendt and Gibbs, 1974), and that these fibres have relatively high 
glycolytic and low oxidative potential (Peter et al., 1972). It is 
possible that a major proportion of the tension decrement witnessed in 
these experiments is a consequence of metabolic occurrences in the 
working fast twitch fibres, and the accumulation of end-products such 
as ADP and lactate in these fibres during the working period. 

These mechanisms would explain many of the metabolic and contrac- 
tile phenomena seen in this investigation. At the onset of contraction, 
the large increases in ADP, as well as Care release during stimulation 
of the muscle, trigger increased glycolytic flux almost immediately 
(Danforth, 1965; McGilvrey, 1975). Due to inter- and intracell dif- 
fusion and transport time of ADP into the mitochondria, ADP increases 
begin to result in the production of levels of pyruvate not oxidizable 
by the mitochondria, especially in the contracting fast twitch fibres. 
Since the mitochondria are under the control of ADP and inorganic phos- 
phate supply, the diffusion and transport time of ADP produces a 
stimulation of glycolysis and lactate production in fast twitch fibres, 
while the slow oxidative portion of the muscle is working submaximally. 
The result is lactate and cytoplasmic NADH accumulation, since NADH 
cannot be "force fed" into a mitochondrial system under ADP control. 

The stimulation of glycolysis by ADP may be amplified out of 
proportion with concomitant stimulation of aerobic metabolism, as out- 
lined by McGilvrey (1975), a fact which enhances “aerobic lactate 
production". In addition, it has been proposed that the activity of 


glycerol-3-phosphate dehydrogenase, which is the enzyme involved in the 
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shuttle of reduced equivalents in the fast twitch fibre, may be small 
in this fibre relative to the activities of glycolytic enzymes (McGilvrey, 
1975), which would help explain the cytoplasmic accumulation of NADH 
at the 80% interval. 

It is feasible to propose that a limitation in the availability 
of cytoplasmic NAD’ at 80% may have been preventing sufficient cyto- 
plasmic ATP production via glycolysis, thus resulting in tension decline. 
The fact that muscle ATP and CP concentration showed no dramatic al- 
terations after the initial attainment of steady state level fails to 
support this proposal. In addition, the lack of any glycogen depleted 
fibres by the 65% sampling interval, in spite of rapid tension decrement 
to this point, again supports the concept of lactate interference with 
the contractile process, as opposed to depletion of an energy source 
vital for contraction. 

The metabolic basis for the difference in steady state tensions 
in the 65ZL and 50ZL level-off groups is equivocal. The only consis- 
tent difference between the groups was a significantly lower muscle 
lactate concentration in the stimulated versus the control muscle in 
the 65ZL group, which did not appear in the 50ZL group data. In ad- 
dition, the histochemical stains suggested a higher glycogen content 
in the slow fibres of the 65ZL group as opposed to the 504L group at 
the end of the contraction period, although no statistical analysis was 
performed to determine the significance of these differences. This 
apparent differenct in slow twitch fibre glycogen content may be in- 
dicative of the glycogen-sparing effect seen in aerobically trained 
muscle tissue (Baldwin et al., 1975). Holloszy (1975) proposes that 


trained muscle tissue can perform aerobic-type work at an intensity 
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similar to untrained muscle with less glycolysis, due to the fact that 
the increase in mitochondrial number with training allows less of a 
buildup in ADP during work, and thus a smaller degree of stimulation 

of glycolysis. It is conceivable that the muscles of the 65%L group 
are comparable to aerobically trained muscles in terms of enhanced 
oxidative capacity, thereby allowing the continuation of contraction 

at a submaximal metabolic rate with a lesser degree of glycogenolysis. 
This proposal is supported by the relationship between (A-V) lactate 
difference at 65% and the level-off: tension (Figure 8), and by the sig- 
nificantly lower muscle lactate concentration in the stimulated muscles, 
as opposed to the resting control muscles, of the 65%L group (Table 
XIV). Although both the level-off group muscles experienced similar 
tension decline characteristics during the initial contraction period, 
the subsequent attainment of steady state tension development was prob- 
ably related to the degree to which the muscles could phosphorylate 

ADP in the mitochondria and thus spare fibre glycogen for continued 
contraction, as the negative influence of the lactate accumulation was 
being removed. Kugelberg and Edstrom (1968) using stimulated rat 
muscle, concluded that the initial fast drop in tension seen in their 
experiments was due to "exhaustion of the glycolytic machinery" of the 
fast twitch fibres, as suggested by negative PAS reaction in fast 
twitch fibres at the end of their experiments. This concept is upheld 
in the present study, with the exception that the initial rapid drop 

in tension is due to interference with the contractile process in these 
fibres, while the final steady level tension reached by the contracting 


muscle is related to the rate and extent of substrate depletion in all 


fibres. 
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Proposed Metabolic Mechanisms Associated With Tension Decline 


Metabolic evidence in the current investigation suggests that the 
muscles working under the described experimental conditions were not 
hypoxic during contractions, as evidenced by the oxygen uptake and 
blood gas data, and the state of pyridine nucleotides in the mitochon- 
dria. In addition, supply for ATP for contraction was apparently con- 
stant in spite of altering degrees of tension decline, with additional 
evidence of adequate phosphorylating power in terms of creatine phos- 
phate concentration throughout the contraction period. Glycogen 
availability appeared to be adequate during the initial phase of rapid 
tension decrement, as suggested by the trends seen in the PAS-incubated 
muscle sections. 

The relationships between muscle and arteriovenous lactate par- 
ameters and the muscle tension characteristics suggest an influence of 
lactate accumulation on tension capabilities in working muscle. 
Decreases in pH are known to affect glycolytic flux adversely (Danforth 
1965; Trivedi et al., 1966), especially at the level of phosphofructo- 
kinase, as well as the phosphorylase system (Hultman and Bergstrom, 
1973). Recent evidence (Sahlin et al., 1975) has also suggested an 
effect of decreased pH on the creatine kinase reaction, thus influen- 
cing the delivery of high-energy phosphate to ADP. Such effects of pH 
on ATP-supplying mechanisms would be expected to result in a.large 
decrease in both ATP and CP concentration as tension decline was occur- 
ring, a phenomenon which was not manifest in the present study. The 
metabolic evidence lends support to the hypothesis that the lactate 
accumulation, and perhaps the corresponding decrease in pH, influences 


muscle contraction by means of a competitive interference, rather than 
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an effect on enzyme systems responsible for supplying ATP. 

Rapid tension decrement occurred during the initial phases of con- 
tractile activity in spite of evidence of well-oxygenated mitochondria, 
as ee ae by the oxygen uptake and blood gas data, and by the 
mitochondrial [NAD*]/ [NADH] ratio estimates. This phenomenon suggests 
a problem of metabolic communication between the mitochondrion, where 
ATP is generated aerobically, and the cytoplasm, where ATP is being 
hydrolyzed during contractions and resynthesized via CP and glycolysis. 
It is proposed that the major communication problem may occur between 
the fast and slow twitch fibres, which vary considerably in the rate of 
ATP utilization during contractions, and in their respective capacities 
for glycolytic and oxidative metabolism. The contracting fast twitch 
fibres, when stimulated maximally, may produce ADP in quantities which 
are within the capabilities of muscle mitochondria to phosphorylate, 
but which are not immediately available to these mitochondria due to 
diffusion and transport barriers. The result is stimulation of gly- 
colysis, lactate production, and the subsequent effect of lactate on 
contractile capabilities, It is worth noting that the level-off tension 
of these contracting muscles is within the range of per cent composition 
of slow twitch fibres, suggesting that tension decrement may involve 
primarily the fast twitch fibre. Although the PAS incubated sections 
attest to this, experimental relationship between fibre composition and 
level-off tension was not evident (Appendix E). 

It is proposed that the negative effect of muscle-accumulated 
lactate on fibre contractility decreases gradually as lactate is 
washed from the muscle, and that the subsequent attainment of a steady 


state in tension development reflects the muscle's capabilities for 


she Qo eonsdq aiid os satdus borzw920 Jaan ras6 wokeee t 
| ie abate bodedagyxo-fisw Fo aonsbivs np ants ra 
ads Yd bas ,sisb esa bookd bas sdesau asRYRO pitt . 
Stasggue nonemonsiq etcT ,aaiambses otis jiaaal\ Canny penn) 
sysiw ,nofabroisotia efi meswiod noktsolauama oblodajem 2a, meldoxqg 8 
atied. al STA s1edw maetqoryo: sad ane .wiisokdotes bsssiensg ai ATA 
sakaqiooylg: bas 7) gly beslesddayes1 bas enokjosz1n03) aniwb boxeforbyd 
nsauted yu590 yen meidorq aoliealaumios sotsm ons Yedd sealer | te 
40 s3st sfa of yldersblenoo yisy dotdw astdkt fojiws . wole bas 2est ‘oi 
garilosqss syvttosqess risds al hae anottos23002 oan coksastitaw <A 
, fadtwa jes? gaki: 813909 aiT ,.matiodsiom svinsbhixe bas stsyelooeta rot 
dotdw asksidgnsup ak IGA souboiq yea ,¥l me CEL bovetnatsy dette ‘eatdit 
sisivtodqaodq oF siztbic d50%tm sloeum to nad Frdabnee ody rebel bw ots in 
03 sub eirthaodtootim ssad7 of “oldntiave ¢iasatbomet don ste dobdw 7) 
“¥f9 to coltaluatta al Sigann sit ‘ ore accion be waco 
no siéidosl to to5tis Jasupseadue sia bak Aoki ouborg simian eK: 


rolensd Ho- level ‘|d3 Jett gation diyzow ei 31 ee amare 


snoljoga peer 2A sid guors tA 


hess 


aerobic ADP rephosphorylation. The significant negative relationship 
between muscle lactate output at 65% of original tension and the level- 
off tension attained during the longer experiments suggests that the 
muscles levelling off at the higher tensions were capable of shutting 
down glycolysis to a greater extent, and at a faster rate, early in the 
contraction period. Other investigators have examined this "glycogen 
sparing" characteristic in trained muscle (Baldwin ethals 119753 
Holloszy,01975;"Saltin, 1975) and! attribute it. tolthe fact that the 
increased number of mitochondria as a result of training allow the 
maintenance of relatively low muscle ADP levels during work. The ap- | 
parent difference (Appendix F) in glycogen content of the fibres of 

the 65ZL and 50%L groups at the end of the contraction period further 
support this concept. 

The massive recruitment of fast twitch fibres during maximum elec- 
trical stimulation of muscle is a well known phenomenon (Kugelberg and 
Edstrom, 1968; Edgerton et al., 1970; Fitts et al., 1973), and was il- 
lustrated in the present series of experiments by a rapid glycogen 
depletion in these fibres, compared to the slow twitch fibres. This 
pattern of recruitment has been illustrated in vivo as a result of 
high intensity intermittent isotonic exercise (Gollnick et al., 1973; 
Armstrong et al., 1974), and during intermittent isometric contractions 
which are above 20% of maximum voluntary contraction (Gollnick et al., 
1974; Hulten et al., 1975). Isotonic exercise of a submaximal prolonged 
nature, on the other hand, appears to involve fibre recruitment pat- 
terns which tend to gradually deplete the glycogen stores of slow twitch 
fibres (Gollnick et al., 1973; Armstrong et al., 1974). In research 


involving working muscles which are heterogenous in fibre composition, 
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one must be aware of the implications of drawing conclusions from 
muscle tissue concentrations as measured in heterogenous samples. At 
the present time, the inter-fibre diffusion capabilities of many of the 
metabolites measured in the present study are unknown, and concentration 
estimates from tissue plugs may represent mean values representing 
metabolic extremes occurring in different fibres. Efforts in the 

future must be made to estimate the metabolic occurrences in individual 
fibre types in response to contractile activity. In addition, attempts 
at outlining metabolic factors associated with fatigue in muscle, 
especially when utilizing the isolated muscle as an experimental model, 
should aim at simulating as closely as possible the types of contraction 
that occur in vivo. This will require further understanding of the 
afferent and efferent neural mechanisms involved in voluntary con- 
tractions of various types and intensities. 

Summary and Conclusions 

Based on the experimental results of the current investigation, 
the following conclusions appear justified: 

1. In maximally contracting muscle, lactate accumulation appears 
to exert a considerable effect on the ability of the muscle to maintain 
high tension development during contractions. The resultant rate of 
decrement in work performance is linearly related to tissue lactate 
concentration. 

2. This effect of lactate accumulation is most likely a direct 
competitive effect on the contractile machinery, and not merely an in- 
dex of the degree of hypoxia present. This is illustrated by the fact 
that ATP, cp and mitochondrial [NAD*]/ [NADH] had reached steady state 


levels by 80% of original tension, in spite of rapid tension decline 
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occurring at this interval. 
Recommendations 

1. It is recommended that future research attempts be aimed at 
determining the differences in metabolic profiles in the various fibre 
populations of a muscle performing fatiguing work, and the influence 
of one fibre type on another in determining total muscle performance. 

2. Researchers utilizing isolated muscle preparations should 
attempt to simulate more closely the types of contractions that occur 
during voluntary exercise of various types. 

3. The systematic investigation of the effects of factors such 
as "warm-up" and diet manipulation on the contractile and metabolic 
responses of isolated muscle to rhythmic contractions could assist in 
extending the limits of human ACen during exercise, especially 
in those eynceece performance which appear at present to be limited 


by muscle metabolic profiles. 
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REVIEW OF LITERATURE 
FACTORS TRADITIONALLY ASSOCIATED WITH MUSCLE FATIGUE 

In the investigation of the factors which limit muscle performance 
during repeated contractions, metabolic studies employing either isolated 
muscle preparations, exercising animals or humans have attributed the 
reversible muscle performance decrement to various metabolic occurrences. 
Each of these alterations in muscle metabolic state can be categorized 
into one of the four basic processes as outlined by Simonson (1971): 
accumulation of substances; depletion of substrates; changes in the 
physicochemical state of the substrate; or disturbance of regulation 
and coordination of metabolic processes. 

Depletion of High-energy Phosphates (ATP, CP) 

Adenosine triphosphate (ATP) is the source of the energy of muscle 
contraction (Lohmann, 1934). There are several metabolic means through 
which ATP is continually resynthesized: via oxidative phosphorylation 
in mitochondria; from ADP transphosphorylation of creatine phosphate 
(CP) through the enzyme creatine phosphokinase; from ADP with the for- 
mation of ATP and AMP through the enzyme myokinase; and via glycolysis 
(Lehninger, 1972). 

In light of the importance of ATP as the ultimate energy source 
for contraction, many investigators have focussed their efforts towards 
attempting to correlate tissue ATP and CP concentrations with the onset 
of muscle fatigue. Hultman, et al. (1967) reported the first data on 
muscle ATP and CP concentrations in humans during exercise. Their 
results indicated a correlation between bicycle ergometer work load 
and CP concentration at the end of exercise, and illustrated a signifi- 


cant CP depletion (close to zero) and ATP reduction (to 40% of original 
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resting level) at the end of supramaximal exercise to exhaustion. 
Hultman et al. concluded that "the limiting factor in heavy work is 
the availability of energy-rich phosphate in muscle" (Hultman ebaly, 
1967), and suggested reasons for this depletion during different in- 
tensities of exercise. 

Gubjarnason et al. (1970) reported a "clear relationship" between 
contractility and CP levels in ischemic heart muscle, thus upholding 
the hypothesis of Hultman et al. (1967). These investigators expressed 
the belief that CP acts as an energy shuttle between the functional ATP 
compartments, and that myofibrillar ATP is not reflected in total tissue 
ATP levels, but rather by CP levels together with creatine phosphokinase 
activity. Spande and Schotteluis (1970), using mouse soleus muscle 
stimulated tetanically once every 20 seconds for three hours, reported 
that the isometric tension developed by the muscle was directly propor- 
tional to its CP concentration. These sources, in addition to a report 
by Karlsson et al. (1971) of a linear relationship between ATP and CP 
depletion and relative ergometer work load, tend to support the concept 
that there are measurable differences in the tissue Sere of 
high-energy phosphates that can be associated with muscle fatigue. 

On the other hand, evidence exists which tends to contradict 
this relationship. Karlsson (1971) reported that, in humans exercising 
on a bicycle ergometer above 90 to 100% of maximum oxygen uptake, 
quadriceps phosphagen (ATP and CP) stores were depleted to minimum 
values after 2 minutes of exercise, independent of whether or not the 
subject was exhausted, and underwent no further reduction with continued 
exercise. This same phenomenon occurred at work loads capable of ex- 
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minutes (Karlsson and Saltin, 1970). Karlsson and Saltin (1971) il- 
lustrated that, during intermittent bicycle ergometer exercise bouts to 
exhaustion, quadriceps ATP and CP concentrations progressively declined 
over 5 bursts, even though fatigue occurred at each work bout. A sim- 
ilar lack of significant relationship between muscle exhaustion and 
muscle ATP and CP concentrations has been illustrated in cases where | 
the contraction is isometric, at different intensities (Karlsson and 
Ollander, 1972). 

In spite of the apparent contradiction, attempts to correlate 
high-energy phosphate concentrations and muscle exhaustion are neces- 
sarily limited by experimental factors. Suggestions that various 
functional ATP pools may exist in muscle (Gubjarnason et al., 1970; 
Edington et al., 1973) render questionable many conclusions based on 
measurements on whole tissue samples. In addition, the extreme rapidity 
of ATP resynthesis (Simonson, 1971; Lowry and Passonneau, 1972) nee 
traindicates the use of time-consuming tissue extrication and freezing 
techniques which are characteristic of many of these studies. 

Depletion of Muscle Glycogen 

The importance of carbohydrate as an energy source for ATP resyn- 
thesis during contraction has been established by many investigators. 
Costill et al. (1973) has calculated, using respiratory quotients, that 
during a 30 km run 60 to 65% of the total energy requirements are 
derived from carbohydrate sources, and during a 10 mile run at 80% of 
maximal oxygen uptake, the contribution of carbohydrate to total energy 
expenditure may range from 67 to 87%. Carlson et al. (1971) reported, 
with humans exercising on a bicycle ergometer at 70% of maximum oxygen 


uptake, carbohydrate metabolism constituted 61% of the total exercise 
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oxygen uptake, with two-thirds of the carbohydrate oxidation attributable 
to glycogen breakdown. In the in situ dog gastrocnemius muscle, 
DiPrampero et al. (1969) estimated that, in working muscle requiring 

5 times the resting metabolic rate, 52% of the exercise oxygen uptake 
was used for carbohydrate oxidation, while at 10 times resting metabolic 
rate, the metabolic contribution of carbohydrates was 62%. They also 
concluded from their arteriovenous data that most of the carbohydrate 
oxidized was from endogenous sources. Similarly, Hirche et al. (1970) 
reported a 60% contribution of muscle glycogen catabolism to the total 
energy requirements in dog gastrocnemius working at 80% of maximum oxy- 
gen uptake, while Chapler and Stainsby (1968) suggest that dog gastroc- 
nemius working at 20 to 40 times resting metabolic rate utilizes 50 to 
90% of the exercise oxygen uptake for the purpose of carbohydrate 
metabolism. 

In spite of the obvious importance of muscle glycogen in the con- 
tinuation of prolonged exercise, estimates of muscle glycogen utilization 
based on quantitative measurements of whole tissue pieces have yielded 
contradictory results. Carlson et al. (1971) and Ahlborg et al. (1967) 
have suggested that muscle glycogen depletion limits performance at 60 
to 70% of maximum aerobic capacity, based on positive correlation bet- 
ween bicycle ergometer performance time to fatigue and initial muscle 
glycogen content, and between muscle glycogen depletion and performance 
time. Other authors have arrived at similar conclusions based on 
muscle glycogen depletion profiles in humans (Saltin and Karlsson, 1971; 
Taylor et al., 1971; Hultman and Bergstrom, 1973), animals (Terjung 
et al., 1970), and isolated muscle (Hirche et al., 1970) working at this 


approximate intensity level. Saltin and Karlsson (1971) hypothesized 
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that, between 65 and 89% of maximum oxygen uptake, muscle glycogen 
seems to be the limiting factor for prolonged performance. They sug- 
gested that, at metabolic rates greater than this, muscle glycogen 
depletion is not a factor in limiting performance, but the accumulation 
of anaerobic metabolites may contribute to fatigue. 

There are reports, however, based on whole tissue concentration, 
that have contradicted this proposed relationship between muscle gly- 
cogen depletion and fatigue. Chapler and Stainsby (1968) reported no 
more than a 75% depletion of glycogen in stimulated dog gastrocnemius 
even at the onset of fatigue, and Stumfhauser and Lamb (1973) showed a 
60% depletion in fatigued frog sartorius. Costill ettalie (197d) 5 
studying humans performing exhaustive 10 mile runs on 3 successive days, 
found that on the third day subjects were able to run the 10 mile route 
with pre-exercise quadriceps glycogen concentrations which were lower 
than those measured at the end of the first exhausting run, and thus 
concluded that muscle glycogen depletion did not cause fatigue in this 
case. In another investigation, Costill et al. (1971) reported sub- 
stantial quantities of glycogen peeheeucelmn the vastus lateralis, 
gastrocnemius and soleus muscles of fatigued subjects following a 10 
mile run, thereby substantiating their claim that "glycogen depletion 
is an unlikely explanation for the fatigue experienced by the subjects 
in this investigation" (Costill et al., 1971). These results were 
found in spite of the fact that the metabolic rates of the runners were 
maintained within the range suggested by Saltin and Karlsson (1971) to 
be dependent on muscle glycogen concentration. 

More recently, research into the heterogeneity of muscle fibres, 


relative to contraction speed and metabolic profile (Peter et al., 973) , 
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and the role of this heterogeneity exercise, has yielded more specific 
information regarding the utilization of muscle fibre glycogen during 
various intensities and durations of work. Using the PAS staining 
technique for glycogen (Pearse, 1969) it has been illustrated that it 
is possible to demonstrate the relative glycogen content of individual 
muscle fibres, provided that the muscle glycogen concentration does not 
exceed 80 mM glucose units per kg (Piehl, 1974). Using this stain in 
conjunction with stains for myosin ATPase (speed of contraction) and an 
oxidative enzyme such as NADH-diaphorase (oxidative potential) (Peter 

et al., 1972) glycogen depletion patterns in individual fibre populations 
have been demonstrated which are specific to the type and duration of 
exercise. Electrical stimulation of the muscle belly or nerve trunk in 
an isolated muscle preparation has been shown to elicit a rapid gly- 
cogen utilization in fast twitch fibres (Kugelberg and Edstrom, 1968; 
Edgerton et al., 1970). This heavy recruitment of fast twitch fibres, 
as evidenced by a decrease in PAS staining intensity in these fibres 
compared to slow twitch fibres has also been illustrated in vivo exer- 
cising muscle as a result of high intensity work (Gollnick et al., 1973; 
Armstrong et al., 1974; Piehl, 1974), rhythmic isometric contractions 
above 20% of maximum voluntary contraction (Gollnick et al., 1974) 

and at the end of prolonged exercise, at intensities up to maximum oxy- 
gen uptake, after the majority of slow twitch fibres have been depleted 
of glycogen (Gollnick et al., 1973; Piehl et al., 1974). However, 
glycogen depletion patterns suggesting recruitment of primarily slow 
twitch fibres has been illustrated in working muscles during exercise 
at submaximal intensities maintained for prolonged durations (Gollnick 


et al., 1973; Piehl, 1974) and rhythmic isometric contractions of less 
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than 20% MVC (Gollnick et al., 1974). It has been suggested that the 
selective recruitment of fibres during various types and intensities of 
exercise may be a consequence of differences in activation threshold 
and/or frequency threshold between slow twitch and fast twitch fibres 
(Henneman and Olson, 1965; Piehl, 1974). Whatever the basis for the 
selective recruitment, the absence of PAS reaction in specific muscle 
fibre populations resulting from various types of and durations of 
exercise lends credence to the hypothesis that muscle fatigue may be 
localized to that population of fibres being recruited for the activity. 
At present, a number of conditions limit conclusions that can be 
made regarding muscle glycogen depletion and fatigue. The validity of 
using the muscle biopsy technique has been questioned by Chapler and 
Moore (1972), who have illustrated the lack of homogeneity of muscle 
glycogen profiles when samples are excised from different portions of 
the same dog gastrocnemius muscle. In addition, the procedures for 
determining glycogen content in individual fibres is as yet semi-quan- 
titative. Finally, changes in the activities of enzymes involved in 
glycogen metabolism during prolonged exercise, such as the phosphorylase 
(Danforth and Helmreich, 1964) and synthetase (Taylor et al., 1972) 
systems, may limit the products of glycogen breakdown, and thus enhance 


the onset of fatigue, while still maintaining muscle glycogen concen- . 


trations undepleted. 


Availability of Oxygen 


Evidence to date suggests that the supply of oxygen during exer- 
cise in a normoxic environment appears to be adequate enough to be dis- 
regarded as a factor limiting performance. Even during maximal high- 


intensity work, the femoral venous oxygen pressure in the exercising 
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human decreases to 21.7 mmHg (Keul et _al., 1964) which is still con- 
siderably higher than the critical venous pressure of 10 mmHg cited by 
Stainsby and Otis (1964), below which muscle begins to show signs of 
fatigue due to inadequate oxygen supply. In an investigation utilizing 
dog gastrocnemius muscle contracting at 5 twitches per second (20 to 40 
times resting metabolic rate), Jobsis and Stainsby (1968) concluded 

that oxygen was in plentiful supply to the muscle. By following the 
oxidation-reduction level of mitochondrial pyridine nucleotides fluor- 
ometrically, they found that NADH consistently became oxidized, in spite 
of lactate production by the muscle. Jobsis and Stainsby (1968) 
reported a similar tendency towards the further oxidation of intramit- 
ochondrial NADH when glycolysis was impaired by administering iodoacetate, 
thus suggesting that substrate supply is limiting in fatiguing exercise. 
The only case in which they found a tendency towards the further red- 
uction of intramitochondrial NADH was when oxygen supply to the muscle 
was eliminated, and when Amytal (amobarbital), which blocks oxidative 
phosphorylation was administered. 

Stainsby and Otis (1964), using the in situ dog gastrocnemius prep- 
aration, reported that the work profiles and oxygen uptake of a muscle 
working at close to maximum aerobic capacity were constant, in spite of 
blood oxygen tensions altered above and below normal, until a critical 
arterial po, of 40 mmHg was attained. Below this oxygen content, ef- 
fects were noticed on oxygen consumption and tension capabilities. 

Based on this evidence, Stainsby (1973) has concluded that "the rate 
limiting processes would appear to reside within the muscle, probably 
in the excitation - contraction coupling or contractile apparatus". 


These conclusions have been bolstered further by research evidence from 
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studies of prolonged exercise under conditions of hyperbaric conditions 
(Wilson et al., 1975), and the reported high degree of correlation bet- 
ween maximum oxygen consumption and muscle mitochondrial dimensions in 
humans (Hoppeler et al., 1973). 
Muscle Lactate Accumulation and pH Change 

Review of the literature indicates that the accumulation of lactate 
in muscle tissue, and the concomitant pH decrease which accompanies 
lactate production, may play a significant role in limiting the con- 
tractile capabilities of the working muscle. Karlsson and Saltin (1970) 
reported similarly high muscle lactate levels in the quadriceps muscles 
of men working to exhaustion in 2 to 3 minutes, and 5 to 7 minutes, 
and suggested muscle lactate accumulation as a limiting factor at these 
work loads. Ina later investigation, similar results were reported 
from men performing exhausting intermittent exercise bouts on the bicy- 
cle ergometer (Karlsson and Saltin, 1971). Hirche et al. (1975) have 
shown in isolated dog gastrocnemius that lactate can accumulate in 
muscle during high intensity contractions and that alterations in the 
pH of the blood perfusing the working muscle can increase the removal 
of the muscle-accumulated lactate, and can decelerate the normal rate 
of fatigue of the muscle, in parallel. Their results suggest that the 
muscle membrane may constitute a barrier to the non-ionized form of 
lactate, and that amincreased pH of perfusing blood allows more ef- 
ficient lactate removal via an exchange mechanism involving bicarbonate 
and lactate ions. 

There have been numerous mechanims proposed by which lactate prod- 
uction in muscle tissue and the concomitant pH decrease may affect con- 


traction. Although mitochondrial respiration has been shown to be 
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relatively insensitive to large changes in intracellular pH (Tobin et 
al., 1972; Mitchelson and Hird, 1973), other pH sensitive systems in 
muscle include glycolysis at the level of phosphofructokinase (Trivedi 
and Danforth, 1966; Bergstrom et al., 1973), the phosphorylase system 
(Hultman and Bergstrom, 1973), the ATPase activity of the Cane pump 
(Gonzalez-Serratos et al., 1974), and the kinetics of the creatine 
phosphokinase reaction (Sahlin et alin) (1975). -Katz"(1970) “nas proposed 
that, in acidotic heart muscle, hydrogen ions may compete with cat’ 

for the troponin binding sites, thereby decreasing muscle contractile 
capability. Fuchs (1970) has examined this competitive effect in vitro, 
using pH ranges comparable to those seen in exercising muscle (Hermansen 
and Osnes, 1972), thus presenting further evidence for a possible 
mechanism by which the production of lactate in muscle tissue may pos- 
sibly interfere with contractility. 

However, it appears that lactate accumulation in working muscle 
does not play a major role in muscle fatigue in all types and inten- 
sities of exercise. It is a well known fact that lactate production 
is minimal near the end of prolonged bouts of cross-country skiing 
(Astrand et al., 1963) and running (Costill et al., 1973), in spite of 
fatigue. Taylor and Rao (1973) reported muscle lactate levels in rats 
which had performed prolonged runs to exhaustion that were not sig- 
nificantly different from resting rats. Similar results were reported 
by Terjung et al. (1972). Dawson et al. (1971) reported that muscle 
and blood lactate values were different for rats swum to fatigue in 
water at different temperatures. In the in situ dog gastrocnemius 
muscle, Welch and Stainsby (1967) have illustrated that, as the oxygen 


uptake and tension development of the working muscle decreased as it 
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progressed towards fatigue, lactate production was very low. Vesell 
and Pool (1966) have shown that, in canine muscle stimulated anaerobic- 
ally to exhaustion, the muscle is capable of working at muscle lactate 
concentrations that are much higher than those seen during exercise or 
normal stimulation. 

Evidence from human studies in which the subjects were performing 
high intensity work of both an isotonic (Karlsson et_al., 1971)and 
isometric (Karlsson and Ollander, 1972; Gollnick et al. 1974) nature 
suggest that muscle lactate levels vary considerably, depending on the 
time and intensity of effort, thereby raising questions as to the role 
of lactate in affecting muscle performance, even during this type of 
work where lactate production is high. 

Alterations in Muscle Temperature 

Saltin et al. (1972) investigated various body temperatures in 
humars exercising to exhaustion, on a bicycle ergometer, at different 
ambient temperature conditions. From their results they concluded that 
"the one internal body temperature with a consistent value at the end 
of exhaustive exercise is a muscle temperature of around 40°C, which 
temperature could conceivably be a key factor that determines the limit 
of performance" (Saltin et al., 1972). Edwards et al. (1972) reported 
that the energy supply from anaerobic sources increased with increasing 
temperature in human quadriceps muscle contracted to two-thirds of 
maximum voluntary contraction to exhaustion in water baths of different 
temperature, and suggested that fatigue in this case was temperature- 
dependent. 

Brooks et al. (1971) have reported a decrease in respiratory control 


in isolated rat muscle mitochondria between the temperatures of 37°C 
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and 45°C, and therefore a decrease in energy conserving efficiency. 
The work of Schafer (1973) suggests that fatigue in muscle may involve 
a phase transition in mitochondrial membrane lipids with increasing 
temperature, and thus an alteration in the activities of membrane- 
bound enzymes, which include those of the citric acid cycle and res- 
piratory chain. 
Muscle Electrolyte Alterations 

Reported changes in muscle electrolyte donicedtentaons with exer- 
cise have included decreased muscle potassium concentration (Ahlborg 
et al., 1967; Bergstrom et al., 1971), sodium accumulation (Ahlborg 
et al., 1967), a possible chloride shift into the cell (Bergstrom et al. 
1971), and inorganic phosphate losses from working muscle (Hudlicka, 
1973). It has been postulated that many of these apparent changes are 
due to the fluctuations in intracellular and extracellular fluid that 
occur during muscle contraction (Jacobsson and Kjellmer, 1964; Ahlborg 
et al., 1967; Bergstrom et al., 1973), and that muscle is still cap- 
able of contracting optimally in spite of these changes (Bergstrom 
Cie adie tl 973). 

race (1973) upholds that muscle fatigue may be associated with 
muscle inorganic phosphate loss. This investigator reported a peleade 
of inorganic phosphate from cat gastrocnemius in which the external 
work decreased by 50%, wherease no release of inorganic phosphate was 
evident from cat soleus whose external work remained constant through- 
out the contraction period. The conclusion that "the presence of a 
sufficient amount of inorganic phosphate is a prerequisite for muscle 
performance without fatigue" (Hudlicka, 1973) was strengthened by the 


fact that fatiguing muscle regained its original work performance level 
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incubated in a medium containing increased amounts of inorganic phos- 
phate in solution, 
Cellular Disruption 

Gollnick and King (1969) reported marked mitochondrial swelling, 
large spaces between adjacent myofibrils, and degenerated cristae in 
the gastrocnemius muscles of rats run to exhaustion. Swollen mitochon- 
dria in frog muscle fatigued via repeated tetani have also been reported 
by Gonzalez-Serratos et al. (1974). Dohm etpals, (973), in their study 
of the effect of hypoxia on the oxidative capacity of skeletal muscle 
in trained and untrained rats, suggested that the effects of hypoxia 
and exhaustive exercise may be mediated through a common factor; the 
activation of mitochondrial phospholipase by free fatty acids which 
would cause mitochondrial swelling and lowered oxidative capacity. In 
addition, Schafer (1973) has shown temperature-induced phase changes in 
mitochondrial membranes in vitro which may play a role during exercise. 

However, mitochondria from muscles of rats run to exhaustion show 
no changes in respiratory cycle indices or P/O ratios, and no leakages 
of citric acid cycle enzymes (Terjung et al., 1972). In addition, 


Bowers et al. (1974) and Gale (1974) have independently reported no 


mitochondrial structural changes as a result of exhausting exercise in 
rats, using improved tissue fixative techniques. Both concluded that 
the mitochondrial changes previously reported may have been related to 
the sensitivity of the exhausted muscle tissue to certain fixative 

procedures and that no mitochondrial swelling or disruption occurs in 


vivo as a result of exhaustive exercise. 


bodroqgs1 need oefs oved tas3e3 bsissqe1 siv bavatin’ oloaum so ah | 


vba shee nt (2001) Le sowlod . (00) ite gs eotarte®-selsshod yd 
olopen feteisade to’ giiosqho sylinbtxo sit m0 stxogydl to 3959242 eat % 2 


a 


Bkxoqyd to 2359226 ofa taeda bateegque .2eis7 bonis tin Pe re a 
edd ; Toten? somnos 6B dguord? botstbom od yem ako 1ex9- ovidauadxe bas 
fotdw ebbos etn} ast vd sesqt falqeodg (pkxbaodso3im, 2o moksevi35s — 
@= .¥stonqss eviishixo botowol bas gol llewe tekxbaodooste patiao bluow 


ak gegneis sesiiq booubnt-awisreqnst wore voit cexer) rotado® HOkitbbs | Hope 


~setovexs- yetasb ofco1 s ysiq yam dotdw.ottiv nt ‘aane:xaion ietvbaodso3te wel i — 


woile folseusdtxs o% nut dss to eslosum word stsboeutoasie _evewoHH 7 
 @ageisel or bus ,2olint O\T 1o eobthat sfoys vroveatgagy mt gegasds om o a 
“mokdtbbe ml = .(STeL , aL ja gnutrat) asked salary phan otusio to 
of betsoqgex yisasbreqsbnt svad (Aver) sted: bos (OYE) -fp 39! sxewol . 74 
ak setoroxe gatjeuniixs to jfvesy s es vognails Leioseetiinaneieasonen ee a7 
sed3 bebwtones iZod .seupkndoss avissxti sueals bsvorgmk grits eae Ay 
oF aiianeitis asad oved ysa bs2roqes clevolvesq ebgnetis fat hentocat 7 
:  avbtexki mies199 o3 sueeks sLosum het auaths ada to ytbves ial 


To 4 Ax 
i + e. is 1.3 
Se ata iat nobsqurath xo gnkliswe istrbnodsottm ort -— pf 


| i eee ‘s ssetorsxs ovisauerdka 30 3 ty 
| nee | | 20 dpe 
EA: << ill ry ror 
Hk aT ‘a a 
hoe aS he 
We 6 lbs Ore ton. are VN re: 


oa ivan 


CELLULAR REDUCTION-OXIDATION STATE OF PYRIDINE NUCLEOTIDES 

Nicotinamide adenine dinucleotide (NAD*; diphosphopyridine 
nucleotide, DPN’) is one of the three oxidation-reduction coenzymes 
(Lehninger, 1972). This coenzyme functions in conjunction with a class 
of dehydrogenases, termed pyridine nucleotide-dependent dehydrogenases, 
in the following manner: 

reduced substrate + NAD? Iss > Pp osddivzedasubstrate, 4+ NADH 

+H’ (Sund, 1970) 

The dehydrogenases which catalyze these reactions transfer rever-. 
sibly two reducing equivalents from the substrate to the oxidized form 
of the pyridine nucleotide; one of these appears in the reduced pyridine 
nucleotide as a hydrogen atom, the other as an electron. The other 
hydrogen atom removed from the substrate appears as a free et in the 
medium (Lehninger, 1972). 

NAD* - NADH in Glycolysis 
At one step in glycolysis, glyceraldehyde-3-phosphate is oxidized 


to phosphoglycerate. During this oxidation NAD? is converted to NADH: 


+ glyceraldehyde-3-phosphate 
glyceraldehyde-3-phosphate + NAD + Pe Aehodearenaee 


+ 
phosphoglycerate + NADH + H (Lehninger, 1972) 


The reduction of NAD* to NADH in the glyceraldehyde-3-phosphate 
dehydrogenase reaction requires that the NADH which is produced be 
reoxidized at the same rate as glycolysis, in order to maintain glycolytic 
flux (Newsholme and Start, 1973). This reoxidation of NADH can be accom- 


plished in the muscle cell sarcoplasm via the lactate dehydrogenase 


reaction: 


lactate ; 


+ 
i i - ET Dene Ee i id + NAD 
pyruvic acid + NADH denvdvovensce factie act 
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The kinetics of this reaction strongly favour lactate production 
(Newsholme and Start, 1973), but may vary according to the isozyme pat= 
tern, especially relative to the contractile speed and metabolic char- 
acteristics of individual fibres (Karlsson et al., 1974). 
Shuttle Mechanisms for Hydrogen Electrons Generated in Glycolysis 

The hydrogen electrons generated by the glyceraldehyde-3-phosphate 
dehydrogenase reaction are capable of utilization as substrate in the 
electron transport system in mitochondria. However, since NAD* and 
NADH are impermeable to the mitochondrial membrane (Purvis and Lowenstein, 
1961), hydrogen electrons must be transported from the reduced NADH in 
the cytoplasm to the oxidized form in the mitochondria by various 
"shuttle mechanisms" (Boxer and Devlin, 1961). In fibres containing 
high glycolytic capacity, cytoplasmic NADH can be reoxidized, and the 
reducing equivalents transported to the mitochondrial NAD’, via the 
«-glycerophosphate-dihydroxyacetone phosphate shuttle (Peter et al., 
1972), as depicted in Figure 9. In fibres with high oxidative capacity, 
the malate-aspartate shuttle (Figure 10) appears to predominate 
(Newsholme and Start, 1973). 
NAD* and NADH in Mitochondrial Electron Transport 

In the citric acid cycle, pyridine nucleotide-linked dehydrogenases 
operate to oxidize substrates and reduce NAD’, at the level of isocitrate, 
o&-ketoglutarate, and malate oxidation (Lehninger, 1972). The electrons 
carried by NADH are removed and transferred, via a large free-energy 
change, to molecular oxygen by a series of oxidoreductive intermediates 
known collectively as the electron transport chain (Lehninger, 1972). 
At three distinct sites along the chain, the free-energy change is 


sufficient to allow coupling with the phosphorylation of ADP to ATP. 
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CARBOHYDRATE 


CYTOPLASM 


Bet As 
G-3-P ca PYRUVATE 
| NAD* 


NADH 
i 
DIHYDROXYACETONE mS 
PHOSPHATE -GLYCEROPHOSPHATE 
DIHYDROXYACETONE 
PHOSPHATE ; o-GLYCEROPHOSPHATE 
REDUCED FLAVOPROTEIN OXIDIZED FLAVOPROTEIN 
MITOCHONDR ION 


Figure 9: The x-Glycerophosphate-Dihydroxyacetone 
Phosphate Shuttle. (1) Cytoplasmic 
«-glycerophosphate dehydrogenase; (2) 
Mitochondrial «-glycerophosphate 
dehydrogenase (Newsholme and Starte, 1973) 
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Figure 10: The Malate-Aspartate Shuttle. (1) Malate 
dehydrogenase; (2) Glutamate-oxaloacetate 
transaminase (Newsholme and Starte, 1973) 
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Mitochondrial and Cytoplasmic Redox States 


Measurements of total NAD’ and NADH in respiring tissue do not 
provide valid information about the concentrations of pyridine nucleo- 
tides which are available to the various dehydrogenase systems located 
in specific cellular compartments (Newsholme and Starte. L9/e)ee Although 
whole tissue measurements give an indication of the general redox 
state of the entire cell, they do not take into consideration the es- 
tablished fact that the mitochondrial and cytoplasmic compartments dif- 
fer markedly in their redox states (Krebs et al., 1962; Krebs, 1973). 
Williamson, Lund and Krebs (1969) have reported [NAD‘]/ [NADH] ratios 
of 200 to 1000 in the cytoplasmic compartment of rat liver cells, and 
mitochondrial [NAD*]/ [NADH] ratios of 2 to 10, both of which can vary 
in altered metabolic states. Similar values have been reported for 
muscle tissue) (Edington et al., 1973). 

The difference between the redox states of pyridine nucleotides in 
different compartments of the same cell has metabolic significance, and 
is based on the equilibria of the pyridine nucleotide-dependent dehy- 
drogenases. The cytoplasmic glyceraldehyde-3-phosphate dehydrogenase 
catalyses a reaction which is close to equilibrium. Therefore, the 
flux through this reaction depends upon the ratio of reactants and 
products (Newsholme and Start, 1973). Since glyceraldehyde-3-phosphate, 
the principle substrate, is kept in low concentration due to its 
equilibria with dihydroxyacetone phosphate and fructose diphosphate, 
its low concentration limits the flux through this reaction in the 
direction of glycolysis unless the [NAD * ]/ [NADH] fatio asehich 
(Newsholme and Start, 1973), thereby necessitating a high cytoplasmic 


[NAD *]/ [NADH] ratio if glycolysis is desired. 
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However, in the mitochondria the [NAD’]/ [NADH] system must be 
maintained at a much more reduced leyel in order to provide sufficient 
reducing power to drive electrons along the electron transport chain 
for the generation of ATP (Newsholme and Start, 1973). To be effective 
as an energy source, the mitochondrial [NAD] / [NADH] ratio must be 
below a critical value, if the free-energy change of the transfer of 
electrons from NADH to flavoprotein is to be large enough for coupling 
with the synthesis of ATP (Krebs, 1973). 

Thus in order to maintain a satisfactory rate of glycolysis in the 
cytoplasm and a satisfactory rate of electron transport in mitochondria, 
a large difference between the [NAD*]/ [NADH] ratios in the two compart- 
ments is required. This is facilitated by the impermeability of the 
mitochondrial membrane to pyridine nucleotides (Lehninger, 1972), and - 
the presence of metabolic shuttles for hydrogen electrons (Boxer and 
Devlin, 1961). In addition, these shuttles must be non-equilibrium 
processes if equilibrium of the two redox pools on either side of the 
mitochondrial membrane is to be avoided (Newsholme and Start, 1973). 
The Significance of Cellular Redox States 

The intracellular oxidation-reduction potential (redox state) is 
a fundamental physicochemical property of biological systems, influencing 
the chemical behaviors of all oxidizable or reducible compounds in the 
system (Mintz <and Robin; 1971) «Since NAD’ and NADH are of major met- 
abolic significance, as has been illustrated above, the redox state of 
this particular pair may prove important in assessment of possible 
mechanisms of muscle fatigue. 

Krebs (1973) points out that measurement of the redox state of 


NAD’ /NADH system is of significance in metabolic studies in that: 
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1. The redox state determines the direction of reversible 
reactions; 

2. The redox state determines the extent to which pyridine 
nucleotides can be effective as reducing agents; 

3. The value of the ratio determines the magnitude of free-energy 
changes of oxido-reductions such as those accompanying the transport of 
electrons from NADH to flavoproteins in the electron transport chain. 
Unless the free energy changes of these reactions are above a critical 
minimum, there can be no effective coupling with the synthesis of ATP 
(Krebs, 1973). 

Although the result of changing metabolic conditions on cellular 
redox states was first observed in rat liver (Williamson CUMale 91969; 
Krebs, 1973), similar studies have been performed on brain (Folbergrova 
et al., 1972), alveolar macrophages (Mintz and Robin, 1971), cardiac 
muscle (Kraupp et al., 1967); renal cortex (Hemms and Gaja;'1972), 
adipose tissue (Krebs, 1973), and skeletal muscle (Edington et al., 
1973). In all cases, the redox states of NAD’ /NADH system in the cy- 
toplasmic and mitochondrial compartments have been observed to be 
similar to those observed in liver. 

In interpreting the meaning of redox state measurements, it ap- 
pears that the redox state of [NAD’] / [NADH] is controlled by the state 
of phosphorylation of the adenine nucleotides (ATP, ADP, AMP). The 
work of Krebs et al. (1962, 1969, 1973) has revealed that the ratio 
[ATP]/[ADP + Pi] is directly proportional to the [NAD’]/ [NADH] ratio 
in the cytoplasm, and inversely proportional in the mitochondria. In 
muscle tissue during such a violent change in metabolic state as exer- 


+ 
cise sustained to fatigue, measurements of [NAD ]/[NADH] ratios would 
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give an indication of relative states of phosphorylation of adenine 
nucleotides in the mitochondria, where ATP is being formed at a near 
maximal rate, and in the cytoplasm, where it is being used as the prim- 
ary fuel for muscle contraction. Also, these measurements would give 
indications as to the cellular sites at which substrate oxidation might 
be inhibited due to changes in this redox state, i.e., decreased avail- 
ability of NAD* for continued glycolytic flux in cytoplasm, or decreased 
NADH for maximum respiration in mitochondria. This approach appears to 
be an attractive supplement to the assessment of muscle fatigue on the 
basis of individual substrate or enzyme systems. 
The Measurement of Cellular Redox State 

In the estimate of the redox state of pyridine nucleotides in 
cytoplasm and mitochondria, direct measurements of total cell NAD* and 
NADH are not appropriate, since, while both NAD* and NADH exist in the 
cell in protein-bound form, only free unbound nucleotides are directly 
involved in oxidation-reduction potential (Mintz and Robin, 1971). In 
addition, since separate cytoplasmic and mitochondrial compartments of 
NAD* and NADH have been reported (Williamson et al., 1969; Krebs, L973) 
measurement of total cell nucelotides cannot provide precise information 
on the redox state in each compartment. This problem cannot be dealt 
with by usual methods of tissue fractionation because the redox state 
of the nucleotides is liable to undergo rapid changes during the process 
of fractionation (Williamson et al., 1969). 

It has been previously proposed that these difficulties may be 
resolved by using metabolic reactions localized in the cytoplasm and 
mitochondria which are NAD* -NADH linked and are also close to equil- 


ibrium ("redox couples") (Williamson et al., 1969). For example, the 
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conversion of lactate to pyruvate has been shown to be essentially cy- 
toplasmic in location (Mintz and Robin, 1971), while the conversion of 
B-hydroxybutyrate to acetoacetate is localized in the mitochondrial 
cristae (Lehninger et al., 1960). From consideration of mass action 
law, theoretically one can calculate the free [NAD*]/ [NADH] ratios for 


each compartment, as shown below (Newsholme et al., 1973). 


for cytoplasm: 


[NAD"] . _lpyruvate] Z a 
[NADH] [lactate] Mae 


for mitochondria: 


[NAD] S [acetoacetate] xX ih 
[NADH] [B-hydroxybutyrate] Kapp 


where: 


DH 


i] 


equilibrium constant for the reaction catalyzed by lactate 
hydrogenase 


equilibrium constant for the reaction catalyzed by 
f-hydroxybutyrate dehydrogenase 


Kipp 


Therefore, since the substances taking part in these reactions are 
freely diffusible over the mitochondrial membrane, one can make 
measurements on whole tissue to yield estimates of redox states of 
NAD* -NADH in separate cell compartments. 


Muscle Metabolism and [NAD* ]/ [NADH] Ratios 


Jobsis and Stainsby (1968) were the first to report whole muscle 
[NAD*]/ [NADH] fluctuations in working muscle. They found that, when 
they examined the oxidation-reduction level of intracellular NAD fluor- 
imetrically in dog muscle contracting at near maximum metabolic rates, 
NADH went consistently oxidized. They thus concluded that, in these 


muscles, the oxygen supply never limited respiratory chain activity 
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during contractions. 

Edington (1970), examining total muscle [NAD"]/ [NADH] and [NADP* ]/ 
[NADPH] in contracting rat gastrocnemius-plantaris muscle, reported 
that the greater the work performance of the muscle during ten minutes 
of submaximal contraction the more capable the cell was of fel eeatine 
a more reduced state. Furthermore, he found that, for any given work 
performance level, the muscle from a trained animal had a higher 
oxidized-to-reduced ratio than the muscle from a non-trained animal. 

Chagovets (1972) reported a decrease, below resting values, in the 
[NAD*]/ [NADH] ratio in hind limbs of Wistar rats swum for 15 minutes. 

The only reported experimental data on compartmental redox states 
in exercising muscle are from research by Edington, Ward and Saville 
(1973). In their investigation, they estimated cytoplasmic and mitochon- 
dita: [NAD*]/ [NADH] ratios, using redox couples, in rat gastrocnemius 
plantaris muscle contracted for 10 minutes at a submaximal metabolic 
rate. The work output data showed no indication of muscle fatigue. 

In nontrained rats, the cytoplasmic [NAD*]/ [NADH] ratio increased from 
300 at rest to 1800 after 30 seconds of contraction, and then returned 
to resting levels by 10 minutes of work; in trained rats, the value in- 
creased, at a faster rate, to 3000 by 30 seconds, and continued to 4200 
by 10 minutes. From this, they concluded that in the trained muscle, 
glycolysis was enhanced due to an increasing availability of NAD’. 

In mitochondria, the [NAD] / [NADH] ratio for nontrained muscle increased 
from one at rest to 48 at 30 seconds of work and subsequently decreased 
to 24 by 10 minutes; in trained rats, the ratio increased only to 14 at 
30 seconds and decreased again to 7 by 10 minutes. From this Edington 


et al. (1973) concluded that, in the mitochondria, the supply of 
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reducing equivalents was limited, but that this supply was not as limited 
+ 
in trained as in nontrained muscle, as witnessed by the low [NAD ]/ 


[NADH] ratios during exercise. 
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BURGER BITS 


(Standard Brands, Montreal) 


Guaranteed Analysis 


CEEC EME LOLGIN@ Ral.cus 0a! « sem eee NOtwleds ethane. 47 
GrUdegtat cry WP .t si. als ahs a een NOtwlecsut hana. 
GCEOGGmE LOGE isan us tre” 6) be, fo. sh Gee) os ess (NOU AMOTeMT Nanw a7, 
BSWM ere er a) 6 ies ey eee eh ee ee ae oe NOL MOLe Uc hanrLOn. 
MOLT SUbCHM. Gad cose) 6) ek se fe ele os NOU MOTE Chan l27 
Ga leautien ee stu.) busi iet a test ee! ees Wee ewe Urea or 
GattmONaG)) “clirome cuee ceciasoe te ee x Min, | Zou Maxetne. 


Ingredients 


Ground corn, wheat red dog, meat and bone meal, soybean meal, wheat 
middlings, animal fat - preserved with B.H.T., beef hydrolysate, dried 
beet pulp and/or tomato pomace, dried whey product, trace mineralized 
salt, soybean oil potassium chloride, iron oxide, vitamin B-12 supplement, 


vitamin A and E supplement, vitamin D supplement. 
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TISSUE LACTATE 
PILOT EXPERIMENT 


(August, 1974) 


Freeze-clamped muscle plugs were taken simultaneously from the 
left and right gastrocnemius muscle groups, both of which were similarly 
isolated in terms of nervous innervation and venous drainage. Measure- 
ments of tissue lactate were performed in duplicate on each tissue 
sample. Tissue lactate values were 167 (left muscle) and 1.56 (right 
muscle) .p4 M/g wet weight of muscle. This is within the range of normal 
resting lactate concentration reported from this muscle preparation 


(Corsi et al., 1969; Hirche et al., 1973). 
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PLATE I X-RAY OF ISOLATED BLOOD SUPPLY OF 
GASTROCNEMIUS-FLEXOR MUSCLE GROUP, 
SHOWN AFTER INJECTION OF 30% HYPAQUE 
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PLATE IIA SURGICALLY ISOLATED GASTROCNEMIUS-FLEXOR 
MUSCLE GROUP 


PLATE IIB ISOLATED MUSCLE GROUP WITH FEMUR FIXED 
AND VENOUS OUTFLOW CATHETER IN PLACE 
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PLATE IITA CALCANEUS ATTACHED TO MYOGRAPE-LISEAR 
DISPLACEMENT TRANSDUCER COMPLEX 


PLATE IIIB FLOW PROBE AW VES BLOOD SSPLDE 
PORT 


PLATE IVA MOUNTED GASTROCNEMIUS-FLEXOR MUSCLE 
GROUP PREPARATION 


PLATE IVB MOUNTED MUSCLE GROUP WITH STIMULATING 
ELECTRODE, RINGERS DRIP AND THERMOCOUPLE 
IN PLACE 
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CALCULATION OF OXYGEN CONSUMPTION 
(Dayidsohn and Henry, 1969) 


Determine Z% 0, saturation of arterial and venous hemoglobin from 
po, and pH, using nomogram of Astrup et al. (1965). 


Determine 0, capacity (mI/ml) of arterial and venous blood by: 


hemoglobin (g%) x 1.36 
100 


Determine 0, content (ml/ml) of arterial and venous blood by: 


0, content = % 0, saturation X 0 capacity 


vs Z 


Determine 05 consumption (ml/min) by: 


(0, content , - 0, content.) X blood flow (ml/min) 
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MEASUREMENT OF MUSCLE ARTERIOVENOUS 
DIFFERENCES; CORRECTION FOR PLASMA WATER LOSS 


(Schleitneetsval.,) 1973) 


This calculation is based on the Fick principle (Rushner, 1970), 
with correction for the uptake or release of plasma water by the 


working muscle. 
(flow, oe [Ss] .) - (flow | xX [s].) = net uptake or release of substance S 


where: 


flow (venous plasma flow) = venous blood flow X (1-hematocrit) 


flow, (arterial plasma flow) = flow, X TPy/ TP, 


total protein concentration in venous plasma 


TP, 


TP, = total protein concentration in arterial plasma 
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ESTIMATION OF CYTOPLASMIC AND 
MITOCHONDRIAL [NADt]/[NADH] RATIOS 


(Williamson et al., 1969) 


Cytoplasm: [NAD*] ed: x [pyruvate] 
[NADH] K pa [lactate] 
4 


where: K oy =e dt xX 10) 


Mitochondria: [NAD*T] eA al xX [acetoacetate ] 
[NADH] KH [p-hydroxybutyrate] 


wieret Koa = L931 X ome 


Assumptions (Williamson et al., 1969) 
1. The pH of mitochondria and cytoplasm is 7.0. 
2. The ionic strength of both compartments is 0.25. 


3. Both reactions are at equilibrium. 
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TC pH Po, - OXYGEN SATURATION °%/o NOMOGRAM 
@) @) FOR WHOLE BLOOD 
= CORRECTIONS FOR TEMPERATURE AND pH 


64 Starderd Onencietion Cune e Lwdiay io) W Seveninghan 1065 
Temperetee ond pH correction eccording 0 P Agne 1965 
=— 6.7 
$0 
- ; corrected 
200 (©) 
) © 
250 
45 7.0 150 -- -- 988 O2SAT% 
300 140 — AT 37°C 
7.1 Wo - 4 AND pH 7.40 
a 150 120 — 
re 110 —-f-— 98 
7.3 100 
100 = 
7.4 4 . i 
80 96 
35 7.5 70 nae 2 
Pe 95 
- 70 
50 
37.7 40 ad 90 
30 = 
7.8 . 
30 30 == 
7.9 25 SY) 
23 80 20 40 = 
=— 70 
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Clinical Diagnosis by Lab. Methods Radiometer 


Todd ~ Sanford Davidson & Henry page 667 Scand. J.Clin. Lab. Invest. 


17: 515, 1965. 
Saunders - Philadelphia, London, Toronto 
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DOG BREED 
EXPERIMENT WEIGHT (HIGHEST ASSIGNED 

NUMBER (KG) PROPORTION) AGE CONDITION SEX 
] TESS German Shepherd 2 °Yrs 504L M 

10 1a!) Spaniel Z ee 50ZL M 

aml 20.0 German Shepherd 1 yr 50ZL F 

2 18'..0 Collie 10 mos 802% F 

3 19.0 German Shepherd ery 50% M 

14 SS) Poodle 2 yrs 502% M 

the 18.0 German Shepherd Zavcs 654 F 

16 14.8 Collie 2 yrs 652%L F 

a7 (PENS, Collie 4 yrs 65% Fo 

18 Mae) Collie 2 yrs 65% M 

19 23.0 Labrador Vi 652ZL F 

20 13.5 Samoyed 2 Yrs 654L M 

oak 18.0 Coilie yr 80% F 

Ze PHS ies) Samoyed 2 yrs 80% F 

23 Abe egy Collie 2 yrs 50% - 
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ee ee ee ee ee I oh ee ee 


DOG BREED 
EXPERIMENT WEIGHT (HIGHEST ASSIGNED 

NUMBER (KG) PROPORTION) AGE CONDITION SEX 
24 Disco Collie 2 yrs 50ZL M 
26 iMey) Collie Ik ar 50% M 
27 Thee) German Shepherd 2 yrs 80% F 
28 LO Setter ley et 504L M 
29 23560 German Shepherd 2 yrs 65% F 
30 Loe Collie 2 yrs 80% M 
31 Zann) Collie Lye 50ZL M 
32 NESS) German Shepherd dhayec 652% M 
33 20) Spaniel hare 652ZL F 
34 1s e2 German Shepherd DeVtSs 65Z4L ES 
35 19.4 Labrador yt 502 F 
36 20...7 German Shepherd 3 yrs 502% M 
Si, ZI tap) German Shepherd J-yusS 50% F 
38 Ios) Collie boys 652% M 

TABLE XVI BODY WEIGHTS, BREED, AGE, SEX, AND 


EXPERIMENTAL CONDITION OF THE ANIMALS 
INVOLVED IN THE STUDY 


ee ee 


BEGINNING OF END OF 


PARAMETER STIMULATION STIMULATION 
er ee ee oe A aa 


Arterial blood p09 


(mm Hg) 99.1 + 95.2 +1048 
Arterial blood pC04 

(mm Hg) 350. Dee BO fate eos 
Arterial blood pH 7.30 + 0.01 7.24 + 0.01** 
Arterial blood hemoglobin 

(g%) NO.) cee Ooe 12.8 400d 
Arterial blood hematocrit 

(%) 40.5 19 Cy eas niles 
Systolic blood pressure 

(mm Hg) DS = aa 937 aor 
Diastolic blood pressure 

(mm Hg) Sie ae 43 2% 
Arterial blood glucose 

(mg) 101.9 te3..0 90,3 tah. 
Arterial blood lactate 

(mgZ) VOR Sates I PORT aL or 
Arterial plasma free 

fatty acids (ps eq/ml) 12 EO) OF SOR 
Rectal temperature 

Co) OO sec ee yi 397.01 Ot 


TABLE XVII BLOOD AND TEMPERATURE PARAMETERS 
PRIOR TO AND FOLLOWING THE PROLONGED 
EXPERIMENTS (50%L + 65%L GROUPS) ®@ 


Values are ae SEM 
* Significant change with time (p < .05) 
*k Significant change with time (@p < .01) 
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EXPERIMENT 
NUMBER 


31 


32 


ASSIGNED 
GROUP 
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STIMULATED 
INITIAL FINAL MUSCLE 
TENSION TENSION WELGHT 
KG G/G KG C/G (G) 
14.0 134 618 1565 104.1 
1oe2 230 769. Whoy, 83.5 
9.8 108 5fo Mss 90.6 
10.0 136 7.8 106 73.7 
26.8 296 9.2 102 90.6 
17.4 288 8.4 139 60.5 
(Nf ae IN one hm ALS ib 100.9 
ie e202 pao fie 59.4 
Tevomiese5 ee acme 233 43.9 
Tosceaed ly 7 CHET 92.4 
14.4 148 10.3 105 97.6 
15.4 406 10.9 287 Meee 
My NI AS 91.6 
oe A) | hae ale 84.7 
18.8 259 58 tah Pat 
19 Gmelol 7.4 88 84.3 
19.2 284 ye . Uw 67.6 
The am Weatileyp a SU 76.4 
Wags teh! 8.8 162 54.3 
2004. 200° 1448 ice eva 
12.0 150 9.2 115 80.2 
Tec, 90 8.9 96 92.8 
eh lil ae) ee oged 
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STIMULATED 
EXPERIMENT ASSIGNED INITIAL FINAL MUSCLE 
NUMBER GROUP TENSION TENSION WEIGHT 
KG GiG KG G/G (G) 
33 65%L 12, Geen 288 8.10 2 Le6 43.0 
34 65%L Te 6ena233 10.6 140 ThSiepe) 
35 50% iL Oiteene ace 8.8 117 15.7 
36 50% 2506.1 G2 7. 13.6 147 92.4 
37 50% 2. 0'5 2206 10.8 106 T0261 
88. 65% 2A 2. dec) elo 84.2 


TABLE XVIIL DEVELOPED MUSCLE TENSION AT THE 
BEGINNING AND END OF STIMULATION, 
AND LEFT MUSCLE WEIGHT 
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ise £1 ERE lh Rae Enel ene ae ee nS ee ee 
PARAMETER 
NUMBER PARAMETER 

ee ee See oe eS ng ee 


it Tension at sample (% of original) 

2 Tension at sample (kg) 

3 Rate of tension decline (g/min) 

4 Time from beginning of stimulation (min) 
5 Rate of tension decline (%/min) 

6 Tension at sample (g/g) 

7 Rate of tension decline (g/g/min) 

8 Lactate (A-V) difference (uM/g/min) 
9 Water (A-V) difference (aM/g/min) 
10 Glucose (A-V) difference (yM/g/min) 

A. Free fatty acid (A-V) difference (neq/g/min) 
The Muscle vO, (41 /g/min) 

13 Muscle blood flow (m1/g/min) 
14 Systolic pressure (mmHg) 

15 Muscle temperature (°C) 

16 Diastolic pressure (mmHg) 

7, | Respiratory Quotient 

18 Venous blood pH 

19 Venous blood pco, (mmHg ) 

20 Arterial blood pO, (mmHg ) 
PA, Venous blood po. (mmHg ) 

aa) 0, (A-V) difference (mmHg) 


i eS 
TABLE XIX NUMBER ASSIGNMENT FOR PARAMETERS 
CONTAINED IN TABLE XX 
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Se I ere Oe SE oe Oe gy eA ee a eee: Se 
PARAMETER 


NUMBER PARAMETER 
eee Nea re es are ee, ee eC ts ee ee oe Me ee = SS, 


a Tension at sample (% of original) 

2 Tension at sample (kg) 

3 Rate of tension decline (g/min) 

4 Time from beginning of stimulation 

5 Rate of tension decline (%/min) 

6 Tension at sample (g/g) 

7 Rate of tension decline (g/g/min) 

8 Right muscle weight (g) 

9 Left muscle weight (g) 
10 Difference in muscle weights (L minus R) (g) 
11 Right muscle glycogen content (gZ) 

12 Left muscle glycogen content (g%) 

is} Muscle glycogen L/R ratio 

14 Difference in muscle glycogen content (L minus R) (g) 
15 . Left muscle lactate concentration (AM/g) 

16 Left muscle ATP concentration (uM/g) 
17 Left muscle CP concentration (pM/g) 

18 Level-off tension (% of original) 

19 | R.Q. at level-off 

20 . Muscle vo, at level-off (ul /g/min) 

21 Muscle blood flow at level-off (m1l/g/min) 
22 Left muscle cytoplasmic [NAD‘ ]/ [NADH] tatio 
23 Left muscle mitochondrial NAD’ ]/ [NADH] ratio 
24 Left muscle temperature at sample (°C) 

745) Systolic pressure at sample (mmHg) 
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PARAMETER 
NUMBER PARAMETER 

26 Diastolic pressure at sample (mmHg) 

27 Glucose (A-V) difference at level-off (uM/ g/min) 

28 Lactate (A-V) difference at level-off (uM/ g/min) 

29 Free fatty acid (A-V) difference at level-off (neq/g/min) 

30 Water (A-V) difference at level-off (ul/g/min) 

SH % fast twitch fibres in level-off groups 

32 % slow twitch fibres in level-off groups 

33 Glucose (A-V) difference at 65% in level-off experiments 
(aM/g/min) 

34 Lactate (A-V) difference at 65% in level-off experiments 
(uM/g/min) 

35 Free fatty acid (A-V) difference at 65% in level-off 
experiments (neq/g/min) 

36 Water (A-V) difference at 65% in level-off experiments 
(u1/g/min) 

37 Muscle blood flow at 65% in level-off experiments 
(m1/g/min) 

38 Muscle vO, at 65% in level-off experiments (H1/g/min) 

39 Arterial hematocrit at level-off (%) 

40 Arterial pH at level-off 

41 Arterial po, at level-off (mmHg) 

42 Venous po, at level-off (mmHg) 

43 0, (A-V) difference at level-off (mmHg) 
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TABLE XXI NUMBER ASSIGNMENT FOR PARAMETERS 
CONTAINED IN TABLE XXII 
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PLATE V MICROGRAPHS OF SERIAL SECTIONS FROM 
RIGHT CONTROL GASTROCNEMLUS (MEDIAL HEAD) 
(100X magnification) 


A. Myosin ATPase 


B. NADH DIAPHORASE 


C. PERIODIC ACID-SCHIFF (PAS) 
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PLATE VI MICROGRAPHS OF SERIAL SECTIONS FROM 
RIGHT CONTROL GASTROCNEMIUS (MEDIAL 
HEAD) (250X magnification) 


A. MYOSIN ATPase 


B. NADH DIAPHORASE 


C. PERIODIC ACID-SCHIFF (PAS) 
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PLATE VIL MICROGRAPHS OF SERIAL SECTIONS FROM 
STIMULATED MUSCLE OF 80% GROUP (100X 
magnification) 


A. MYOSIN ATPase 


B. PERIODIC ACID-SCHIFF (PAS) 
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PLATE VIII MICROGRAPHS OF SERIAL SECTIONS FROM 
STIMULATED MUSCLE OF 65% GROUP 
(100X magnification) 


A. MYOSIN ATPase 


B. PERIODIC ACID-SCHIFF (PAS) 
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PLATE IX MICROGRAPHS OF SERIAL SECTIONS FROM 
STIMULATED MUSCLE OF 50% GROUP 
(100X magnification) 


A. MYOSIN ATPase 


B. PERIODIC ACID-SCHIFF (PAS) 


168 


2 


- 


7 7 
1 
7 _ 


- 
er we Cy ba ‘ 
a ee Ts sade : avy 
. a -* 7 ‘ed ti in ane Ue .) ane at 
oe | ; D>” age Ply aa a : 
gO AE tia, PRES Be 


1 ae ; DS % Th ea - a 


‘3 
cd , A "a, ? ; ; 
‘ % ret Nets ‘wax : 
' A ae : " . 
ac eS ms i ees Ds 
‘ i . ae sam Chg Weg ty : 
‘ a 7 77 & n 
at ne reat +r ; J ‘ h un ' at —s 
ee Lane » %) ‘ *T J — 
: egal ti oy 
oe me's , 
Y ¢ ute io, i ie Ts " 
¥ y hs Kua is 
AS ‘ ; 
aI an J Pe 
| nae , ne 
a A eS = 
a 7 2 wo ; } ' Y a a: it r 
Mio: & 4 ' ; ee | 4 Neath 
ties ae ee i 
se Aca 
4 7 : . ab? 
i 4 a. Pe g 
a » Ba v¢ Tl aw i; s 
* = ba as i ¥ 
4 \ Ce? oe 
a ps 5 mo Ad. has 1 vie a 
i 
: - aware 
7 14 nee t as re. a a’ east hh ‘i yey riggs 
| i s " is ; J eaal An Pet CORRE M cH {23 
PE ET EEA EON ITS 
at J : - ; 
( 
i v 


bt 
he Cire 
We ae 


y 
A" 


; 7 due ue 
‘if ee oe Lan re Wig 
es hats + ‘ 


PLATE X MICROGRAPHS OF SERIAL SECTIONS FROM 
STIMULATED MUSCLE OF 65ZL GROUP 
(100X magnification) 


A. MYOSIN ATPase 


B. PERIODIC ACID-SCHIFF (PAS) 
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PLATE XI MICROGRAPHS OF SERIAL SECTIONS FROM 
STIMULATED MUSCLE OF 50ZL GROUP 
(100X magnification) 


A. MYOSIN ATPase 


B. PERIODIC ACID-SCHIFF (PAS) 
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